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A NEW METHOD OF MEASURING HEIGHTS BY MEANS OF THE 

BAROMETER. 



By G. K. Gilbebt. 



CHAPTER I. 

THE PBOBIiEM STATED. 

The change proposed in this paper is of a radical nature. Since the 
time of Laplace the hypsometric formula he developed has formed the 
groundwork of all investigation and practice. Later writers have made 
formal modification of some of its terms and have added a term of 
some importance, and modem physical research has made slight cor- 
rections to the values of several of the constants he employed, but the 
essential features of the formula have not been changed. It is here 
proposed to abandon it entirely for the greater part of hypsometric 
work and to substitute a new formula involving none of his constants 
and having but a single element in common. 

For more than a century the thermometer ha» been the constant com- 
panion of the barometer, and in nearly all the best work of recent times 
the psychrometer also has been called in play. The new method aban- 
dons both psychrometer and thermometer and employs the barometer 
alone. 

Departing thus widely from the beaten path, the writer has of necessity 
reverted to the elementary principles upon which all barometric meas- 
urements depend, and he may therefore be permitted, if indeed he is 
not compelled, to preface the presentation of his method by a review of 
the purposes and conditions of barometric hypsometry in general. 

The opening chapter is devoted to that purpose. It is believed to 
contain nothing either new or original, and is intended less for the prac- 
tical meteorologist or hypsometer than for the general reader, to whom 
it is hoped it will render the succeeding chapters comprehensible. The 
fourth chapter, on the other hand, and those following it are addressed 
more especially to the student of hypsometry. 



THE PUNDAMENTAIi PBINOIPLE. 

The principle which underlies the measurement of heights by means 
of the barometer is an exceedingly simple one, but its application is 
fraught with difficulty. 

405 
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The pressure of the atmosphere upon the surface of the earth at the 
level of the sea is about fifteen pounds to the square inch. If one rises 
in a balloon or ascends a mountain he passes above successive strata 
of air and is relieved of their weight. The pressure he sustains at any 
height is that due to the weight of the air which is above him, and is 
progressively less and less the higher he goes. The pressure is therefore 
an indication of the altitude, and it is possible to acquire knowledge 
of the heights of different parts of the earth's surface by simply measur- 
ing the local pressures of the atmosphere. Thus, if one finds that the 
air imposes a pressure of lOJ pounds to' the inch of surfa^ce at the city 
of Quito, and a pressure of 9^ pounds on the summit of Pike's Peak, 
he at once knows that there is less air above Pike's Peak than above 
Quito, and therefore that it ia higher. 

A moment's reflection will show that the diminution of pressure from 
the sea level upward is not simply proportional to the altitude but has 
a somewhat different law. The density of a gas is proportioned to 
the pressure to which it is subject, and i^ince the lowest stratum of 
air is compressed by the weight of the whole atmosphere, while each 
higher stratum is compressed only by that part of the atmosphere 
which lies above it, the lowest is denser than any other, and there 
is a progressive decrease in density fix>m the sea level upward. A 
A layer of air 1,000 feet deep resting on the ocean contains more matter 
and weighs more than a layer of similar depth at any higher altitude, and 
the aeronaut or mountain climber experiences a greater diminution of 
atmospheric pressure in ascending from the sea level to an altitude of 
1,000 feet than he does in continuing his ascent firom 1,000 to 2,000 feet, 
or through an equal space at a greater height. The loss of pressure in 
the first mile of ascent is 2.6 pounds to the square inch, while in the 
second it is only 2.2 pounds, and in the third 1.9 pounds. 

The law of the relation of altitude to atmospheric pressure is therefore 
a logical consequent of the law of the compressibility of gases. In its 
simplest form it is as follows : 

The difference in height of any two loealities is equal to a certain conatani 
distance multiplied hy the difference between the logarithms of ths air press- 
ures at the two localities. 

If the lower locality is the shore of the sea, then the difference in 
height deducible under the law is the altitude above sea level of the 
upper locality. 

This relation is the foundation of all barometric hypsometry, and 
although its discovery was attained only by the cumulative efforts of 
many illustrious physicists, it is exceedingly simple. But there are a 
number of modifying conditions of which account must be taken in its 
application, and it is with these that we are chiefly concerned in this 
paper. Their consideration will be deferred, however, until a brief out- 
line has been given of the means employed for the measurement of 
atmospheric pressures. 
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BABOMETEBS. 

The pressure on any 8x>ot of the earth's surface is equivalent to the 
weight of the prism of air extending upward from the spot to the con- 
fines of the atmosphere, and for convenience of discussion the pressure 
is conceived as being actually given by this ideal prism of air, which is 
called the atmospheric column. 

Four distinct' devices have been employed to weigh the atmospheric 
column. The mercurial barometer counterpoises against it a column of 
mercury, and is analogous in principle to the common scales. The OMe- 
roid barometer receives the pressure of the air on a metallic spring, and 
is strictly analogous to the spring balance. The boiling-point apparatus 
does not directly weigh the air, but merely determines the temperature 
at which water boils, depending for its result upon the principle that 
the boiling point of water is raised by increase of pressure and lowered 
by its diminution. The density apparatus is a device by which a small 
quantity of air is imprisoned in a tube and then compressed to a certain 
definite fraction of its former volume by means of a column of mercury. 
The height of the column of mercury necessary to do this is proportional 
to the original density of the air, and therefore to the atmospheric press- 
ure by which that density is produced. 

Of these instruments the mercurial barometer is both the oldest and 
the most accurate, and its use would be universal were it not somewhat 
cumbrous and easily broken. The aneroid commends itself by its con- 
venient size and its facility of observation, and has a wide use both 
in reconnaissances and as an adjunct to the mercurial barometer in 
geographic surveys, but it is too delicate a piece of mechanism to be 
entirely trustworthy. The boiling-point apparatus is in many cases 
preferable to the aneroid barometer for independent use, but is nearly 
superseded by the mercurial. The density apparatus is probably not in 
use. 

The construction of the mercurial barometer is essentially as follows: 
A glass tube about three feet in length and closed at one end is filled 
with mercury and then inverted with the open end immersed in a cup 
of mercury. A portion of the mercury flows from the tube to the cup, 
and a space is left in the upper (closed) end of the tube. This space is 
a vacuum, air having no access. The mercurial surface in the tube, 
having mere vacuity above it, receives no pressure, while the surface in 
the cup bears the full pressure of the atmosphere, and as a consequence 
the mercury stands higher in the tube than in the cup. The difference 
in level between the two surfaces is the height of the column of mer- 
cury necessary to counterpoise the weight of the superincumbent air. 
A column of mercury two inches in height imparts a pressure of about 
one pound to the square inch, and a column of about thirty inches is 
accordingly necessary to Counterbalance the fifteen pounds of atmos- 
pheric pressure at sea level. When, therefore, the barometer is placed 
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near the sea level, the height of the mercury in its tnbe is about thirty 
inches above the surface of the mercury in its cup, or, in familiar parlance, 
the " height of the barometer ^ is thirty inches. The use of the mercurial 
barometer is so general that the pressure of the air is ordinarily described 
by means of the linear measures of its scale instead of by weights — the 
Englishman and American speaking of inches of pressure and the con- 
tinental European of millimeters of pressure. * 

The many forms which have been given to the barometer need not 
be described here. The cup in which the tube is inverted is ordinarily 
called a <^ cistern," and is permanently attached to the tube. A grad- 
uated scale, usually of brass, is £a»stened in close juxtaposition to the 
tube and the height of the column is ascertained by comparing it with 
this scale. 

A thermometer is also attached, so that the temperature of the mer- 
cury of the column and of the brass of the scale may be known. This is 
rendered necessary by the different expansibility of the two substances 
under the influence of heat. On a warm day the mercury rises higher 
along the scale than on a cold one, the air pressure remaining the same. 

An observation of the barometer consists, therefore, of two parts: 
first, a reading of the height of the mercury; and, second, a reading 
of the temperature of the instrument. A correction is then applied 
to the mercurial height, so as to give it the value it would have at the 
standard temperature. 

A second correction takes account of the difference in the 'force of 
gravity at different places, and becomes necessary because the heaviness 
of mercury is proportional to the local force of gravity, so that the same 
absolute air pressure is at different places recorded by mercurial columns 
of different heights. 

The essential part of an aneroid barometer is a thin drum ot elastic 
metal from which the air has been exhausted. The heads of the drum 
are bent inward by the pressure of the air, the pressure being counter- 
poised by the elasticity of the metal. With augmentation of pressure 
the inbending is increased, and by relief from pressure it is diminished; 
while by a system of levers the movements of the flexed heads are (in 
most instruments) communicated to an index traversing a dial. The 
amount of motion imparted to the index by the addition of a unit of 
pressure depends not only on the arrangement of the levers, but on 
the form, thickness, and elasticity of the drum-heads, and cannot be pre- 
cisely foretold for any individual instrument. In order to ascertain it, 
the movements of the index are compared with those of the column of 
a mercurial barometer exposed to the same pressures, and the dial is 
graduated accordingly. The spaces on the dial are given the same 
name as the units of the mercurial scale, although they have not the 
same linear dimensions. 

The aneroid barometer is thus adjusted in the process of its construc- 
tion so that its indications accord with those of the mercurial, and it 
theoretically accomplishes the same results with great economy of time 
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and care; bat it is usnally foand in practice that aneroids subjected to 
the vicissitudes of travel, and especially of mountain climbing, do not 
maintain their adjustment. It has therefore become the custom in most 
surveys to use the instrument only in a dependent way, comparing it 
at short intervals with a mercurial barometer so as to keep account of 
the amount and variation of its error. Thus checked it renders import- 
ant service. 



MODIFTING CONDITIONS. 

Returning now to the consideration of the relation between local press- 
ures of the atmosphere and local altitudes, we will give attention to the 
conditions which modify the application of the general law. 

The most important of these is temperature, for the diBusity of air 
varies through a wide range in response to changes of temperature. If 
the pressure of the air be measured by a barometer in the car of a bal- 
loon, and at the same time by another barometer on the ground beneath 
it, the difference between the two quantities denotes the pressure imposed 
on the ground by that portion of the atmosphere beneath the balloon, 
or, as more commonly expressed, it denotes the weight of the column of 
air between the balloon and the ground. The weight of that column 
depends on its height and its density. Its density depends primarily 
on the pressure of the superincumbent air, as indicated by the barom- 
eter in the balloon, but it depends also on the temperature of the 
column itself, being greater if the air is cold than if it is warm. In 
order, therefore, to compute accurately the altitude of the balloon 
above the ground, it is necessary to know the temperature of the in- 
tervening air column as well as the pressure above and below, and it 
is of course necessary to know the law which governs the expansion 
of air in response to the acquisition of heat. In the various formulas 
which have been employed for the computation of altitude a term has 
been written to express the inflaence of the temperature of the air upon 
the result, and this has been conjoined to the principal term which ex- 
presses the relation of heights to pressures. The pressure term is 
adjusted to the supposition that the temperature of the air is that of 
freezing water, and the temperature term appears as a correction pro. 
portioned to the difference between the actual air temperature and the 
freezing temperature. For each thousand feet of altitude the correction 
amounts to two feet (approximately) for every degree of the Fahrenheit 
scale. 

The factor of next importance depends on the humidity of the air col- 
umn. The atmosphere is essentially a mixture of oxygen, nitrogen, car- 
bonic acid, and aqueous vapor. The proportions of oxygen and nitrogen 
are practically constant^ the quantity of carbonic acid is more variable, 
but is too small to be considered here; the amount of aqueous vapor is 
both large and variable. We may, for the present purpose, regard the 
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whole as eonsisting of two parts^ dry air and aqaeons vapor, the dry air 
being a constant homogeneous gas mixture and the aqueous yax>or a 
variable accessory. 

Dry air retains t)ermanently the gaseous form but aqueous vapor 
does not, and upon this difference depends the variability of their mix- 
ture. The tension or expansive force of dry air increases in a definite 
way when Its volume is diminished by extraneons pressure, and also 
when its temperature is raised; its tension is diminished by increase of 
volume and fall of temperature; and these properties subsist under all 
pressures and at all temperatures to which the atmosphere is subject. 
Aqueous vapor follows the same law, but only within a certain range of 
conditions. For each temperature there is a certain tension which can- 
not be exceeded, and for each tension there is a certain limiting temper- 
ature; and when these limits are passed a portion of the vapor is con- 
densed. The circulation of the air continually varies the conditions to 
which its aqueous vapor is subject, now causing a part to be precipitated, 
and again permitting an additional quantity to be absorbed from the 
ocean or from moist surfaces of land. 

If the densities of dry air and aqueous vapor were identical for the 
same tension — i. e., if the two gases were equally heavy — ^the ratio of 
their mixture would not affect the measurement of heights; but aqueous 
vapor is only five-eighths as dense as dry air, and the density of the 
air column weighed by the barometer depends therefore in part on the 
ratio of its contained vapor. 

Accurate hypsometry accordingly demands that some account shall 
be taken of the aqueous contents of the air, and a humidity term has 
been given place in many formulas for the computation of altitudes. 

There are other small factors dependent on the inequality of the force 
of gravity at different latitudes and at different altitudes, and the con- 
sequent inequality in the weight of air, which need not be specified here. 
For the purpose of the present discussion the difference in altitude of 
two barometric stations may be regarded as depending on the air press- 
ures at the two stations and the temperature and humidity of the inter- 
vening air column. 

With the outlines of the subject now before us, the difficulties which 
bar the way to the attainment of results of the highest accuracy may be 
stated. They arise from the fact that the air is never in a state of static 
equilibrium but is perpetually undergoing local changes of pressure, tem- 
perature, and humidity. If those changes were uniform, or uniformly 
periodic, it would not be a hopeless task to take full account of them 
and eliminate their influence from the hypsometric problem; but they 
are irregular in a high degree and they spring from causes so complex 
that their thorough analysis appears impossible. 

Oonsider for a moment how many things conspire to give diversity 
to meteopc changes. In the first place, the sun, which is the ultimate 
source of all disturbance, shines only by day. While it shines, a certain 
amount of heat is imparted to the whole atmosphere, but a much higher 
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temperature is given to the ground and is communicated to the con- 
tiguous layer of air. At night the atmosphere loses heat by radiation 
to space, but the ground loses it still more rapidly and imparts its low 
temperature to the lowest stratum of air. The lower strata, therefore, 
have exceptional warmth by day and exceptional coolness by night. If 
the air is moist it intercepts a greater quantity of solar heat than if it is 
dry, so that a less quantity reaches the ground; while at night atmos- 
pheric moisture checks radiation from the ground. The power of the 
earth's surface to receive or store or part with heat varies with its char- 
acter. Naked rocks and cultivated fields, bare earth and grass, forest 
and snow, are affected very differently by the heat rays of the sun and 
exert equally diverse influences on the adjacent air, so that one tract of 
land is often in a condition to heat the air while an adjacent tract is 
cooling it. Then, too, the sun's heat is unequaUy distributed through 
the year; outside the tropics there is a progressive accumulation of heat 
through summer and a progressive loss through winter. The circle of 
the seasons thus produced reacts on the surface of the land, causing 
verdure, barrenness, and snow in alternation ; and these in turn have 
their influence on the local meteoric changes. 

The ocean undergoes less change of temperature than the land and 
its rate of change is slower, so that there is frequent, and indeed almost 
continuous, contrast of condition between it and the contiguous land. 

In many places this contrast is heightened by oceanic currents (bom, 
like air currents, of the sun's rays), which perpetually convey warm water 
to cold regions and cold water to warm regions. 

As a result of all these influences, together with others that might be 
enumerated, the equilibrium of the air is constantly overthrown and the 
winds, which tend to readjust it, are set in motion. If a condition of 
static equilibrium were possible, we may suppose that the whole atmos- 
phere would become a uniform mixture or else one varying according 
to a simple law, and that it would be arranged in a system of horizontal 
. layers, each one of which would be denser than the one above and rarer 
than the one below and would have a uniform temperature throughout. 
But in reality its temperature is continually modified by external influ- 
ences ; the static order of densities is broken and currents are set in 
motion; and the circulation and the inequalities of temperature conspire 
to produce inequalities of moisture. Every element of equilibrium is 
thus set aside and the air is rendered heterogeneous in composition, tem- 
perature, and density. Moreover, the disturbing factors are so multifa- 
rious and complex that there is infinite variety of combination and in- 
finite variety of result. Nothing can be more fickle than the weather, 
and the weather is merely the totality of atmospheric states and changes 
viewed in relation to human activities. 

The complete solution of the problem of barometric hypsometry is 
thus rendered impossible, or if not impossible at least impracticable, 
since, if our knowledge is ever equal to the task, the expense of the solu- 
tion in any individual case cannot fail to be greater than that of deter- 
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mining the desired altitude by means of the engineer's level. Approxi- 
mate solutions only are expected, and ever since the development of the 
general theory the ingenuity of investigators has been directed to the 
restriction and limitation rather than to the abolition of errors. 

Although the disturbing factors all spring from the same remote 
source, and although they react upon each other in the most intricate 
way, it is nevertheless possible, when series of observations are com- 
pared, to discriminate many of them, and it has been found that every 
added refinement of analysis has led to new devices for the elimination 
of error. A discussion of hypsometric methods should therefore be pref- 
aced by a classification of disturbing factors. 



aRADIENT. 

Designate by A and B two stations at the same altitude. With the air 
in a state of static equilibrium each receives the same atmospheric press- 
ure } but when the equilibrium is disturbed one may receive more than 
the other. If A has a greater pressure than B there is a tendency of the 
air to move in the direction from A to B until equality of pressure is 
attained. Add now a third station, G, forming with the others a hori- 
zontal triangle, and conceive verticals to be erected at each of the three, 
proportioned in height to the local pressures. A plane passing through 
the summits of the verticals will evidently be inclined in some direction 
(unless the pressures are equal) and this inclination is called barometrio 
gradient The direction toward which the plane inclines is called the 
direction of the gradient. In other language, the direction of the baro- 
metric gradient at any point is the direction toward which there is the 
most rapid decrease of pressure. 

The contour lines drawn on the weather maps published by the United 
States Signal Service are lines of equal pressure (isobars). If lines of 
gradient were also drawn on one of these maps, each gradient line would 
pass from an area of high pressure to a center of low pressure in such 
way as to make a right angle with each pressure contour at the point of 
intersection. 

There is another point of view which will perhaps help to a clearer 
understanding of the matter. Suppose that of a large number of sta- 
tions on a plain, A is the one with the lowest pressure at a given time. 
At any other station, B, the pressure is somewhat greater, but by ascend- 
ing in mid-air we can find a point, directly above B, where the pressure 
is precisely the same as at A. So above every point of the plain we can- 
find a corresponding point with the standard pressure, and the combi 
nation of all these points constitutes an ideal surface of equal pressure. 
With the atmosphere in equilibrium such a surface would be level, but 
in point of fact it is ever undulating. Its inclination at any point is the 
barometric gradient, its direction of inclination is the direction of gra- 
dient, and its degree of inclination measures the amount of gradient. 
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Tho Btaodaixl of preSHure assumed in tbe precediog paragraph U 
entirely arl)itrary, and it is evident that any atmospheric pressnre what 
ever could have been as8ume<]. We can in imagination project tlirongh 
the air a snrface containing all {mints which have a pressure of ;)0 bar- 
ometric inches, and another surface containing all points with a pressnie 
of 20 inches, and indeed any number of similar surfaces. In the hyi>o- 
tlietic case of atmospheric e^iuilibrium all aiich surfaces would be both 
level and parallel, but in the actual ca^ of disturbance and motion none 
are level and no two are precisely parallel. 'When widely separatod sur- 
faces are compared the variations from parallelism are ofteu so great 
that their inclinations above the same locality have opiwsile directions. 
The atmospheric gradient at the surfncc of the ground may therefore 
differ greatly in amount and direction from the simultaneous gradient at 
a considerable altitude aimve the same spot. 

The importance of the hypsometric difftculties introduced by gradients 
will be readily understood. It almost never happens that two points to 
be compared in altitude are in the same vertical line, and whenever 
they are not their barometric relation involves a factor of gradient. 
Suppose that barometers have been read simultaneously at A and Ji, 
(Fig. 27) aud it is desired to iiscertain their difference of altitude. B C 
is a homontal line, and we will suppose B i> to give the local profile of 



Fig. 27. — Diagram to illiialratn atoioapherio gradient. 
the surface of equal pressure passing through B. If we know the den- 
sity of the air column above A, we can compute from the barometric 
readings the height (above A) of a point (J?) having tiie same pressure 
as the point B; but what we really desire is the altitude of the point C 
on a level with B, and in order to pass from one to the other we mast 
know the gradient. 

Variations of gradient are for the most part the result of conditions 
so complicated that in the present state of metcorologic science they 
have to be <dassed as irregular, but there are two elements of variation 
which are strictly pL-riodic and have been the subject of much research ; 
one has a daily period, the other a yearly. Changes of gradient may 
therefore be classed as dinnial, annual, and non-periodic. 

Diurnal gradient. — It is a fact familiar to meteorologists that the 
pressure of the air everywhere undergoes a daily oscillation, being at 
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a mazimam soon after sunrise, and at a miTiimnm some hours before 
sonsety besides exhibiting other maxima and minima The amount of 
change is relatively great at the equator and diminishes toward the 
poles. It is greater in summer than in winter, and it is usually greater 
in valleys and on plains than on mountain peaks. It is subject, more- 
over, to variatioDs in character as well as variations in magnitude, and 
changes of altitude are often accompanied by conspicuous variations 
in character. The differences which pertain to latitude and to season 
do not affect the ordinary hypsometric problem, but differences de- 
pending on the altitude have a notable influence. The geographer fre- 
quently undertakes to determine the height of a mountain by com- 
paring the pressure at its summit with the pressure at its base, and 
since the diurual oscillation of pressure is not the same at base and 
summit an error is introduced into his result. Usually his result is 
rendered too large in the forenoon and too small in the afternoon, but 
to this rule there are exceptions^ and it is probable that the error cannot 
be thoroughly eliminated without a knowledge of the nature of the 
diurnal change at each station. 

Annual gradient — ^The annual oscillations are variations of what may 
be called the perennial system of gradients. Since the atmosphere if 
undisturbed would have no gradients, and since every disturbance pro- 
duces them, it is easy to understand that any continuous disturbance 
will be accompanied by permanent gradients. The excess of solar heat 
received in the tropics, as compared with the polar regions, \b of the 
nature of a continuous disturbance, and sets in motion the great cur- 
rents of the atmosphere. Warm ocean currents flowing toward the poles, 
and cold ocean currents flowing toward the equator, are other disturbing 
elements of a continuous nature, which modify the great air currents in 
a uniform manner. Under the joint action of these causes the great 
system of the winds is instituted, and coincident with it a great system 
of permanent gradients. The annual progress of the sun from tropic to 
tropic throws a preponderance of heat first on one side of the equator 
and then on the other and produces an annual cycle of changes both 
in the great winds and in the permanent gradients. 

Kan-periodio gradients are caused by the multifarious local agencies 
and accidents which give rise to variable winds and to storms. They 
are ordinarily so great and their variations are so rapid that they com- 
pletely mask, so far as hypsometry is concerned, the perennial and an- 
nual gradients — at least in the temperate zones. They do not, however, 
obscure the diurnal changes to the same extent. 

It is necessary, therefore, for accurate determination of altitude by 
the barometer to take account of the non-periodic gradient and of that 
gradient which has a daily period. The former is involved in the gen- 
eral air movements of the region at the time of observation ; the latter 
bears some relation to the topographic characters of the points of ob- 
servation as well as to the hour of observation and the time of year. 
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DBYIOBS FOB THE ELIMINATION OF EBBOBS DUE TO aBABIENT. 

The most imi>ortant of all the devices which go to make up the bar- 
ometric method in ose consists in the employment of a base station. If 
the pressure at the shore of the sea were uniform it would be necessary 
for hypsometric purposes to measure the atmospheric pressure only at the 
point whose altitude is desired, for that measurement would aftbrd at 
once the differential pressure and, consequently, the weight of the dif- 
ferential air column. In fact, however, it is not uniform, but fluctuates 
greatly from week to week, and even from hour to hour, and it is therefore 
imi>ortant that we know its amount at the time when the pressure at the 
higher point is measured. Moreover, since gradients of the non-periodic 
order often slope continuously in the same direction for hundreds of 
miles, it follows that we shall diminish the probability of error if we use 
as the standard for each comparison that point of the coast nearest to 
the point to be determined. 

It is not essential, however, that the point used as a standard — the 
hose station — ^be either at or near the shore, provided only its altitude is 
known ; and if it can be established in close proximity to ttie point to be 
measured the effect of non-periodic gradient is nearly avoided. 

The intelligent geographer who uses the barometer for the determi- 
nation of altitudes pursues the following plan : He selects some x>oint 
either within or near his field of survey for a barometric base station. 
The height of this point is determined with great care, either by means 
of the surveyor's level or by meaus of a series of barometric observations 
made coincidently with a similar series at some poiut of known altitude 
and continued for. a long time. Having placed a barometer and ob- 
server at the base station he carries another barometer to the points to 
be determined — called new stations — and makes synchronous readings ; 
that is to say, he so arranges the time of observing the barometers 
that each reading at a new station shall be simultaneous with a read- 
ing at the base station. In the subsequent computations only the pairs 
of synchronous observations are used. By establishing the base station 
in close proximity to the new stations, the error arising firom non- 
periodic gradient is in great part avoided. By synchrony of observation 
the results are protected from such errors as might arise from progress- 
ive increase or decrease of pressure in the district during the time 
elapsing between observations not synchronous. 

It is evident that the use of the base station excludes from the ob- 
servations a portion only of the gradient which would otherwise enter, 
and affords no means of eliminating from the results the error wrought 
by the remainder. It is often impracticable to place it so near the new 
station as to render the included gradient insignificant in amount, and 
it is therefore important to have corrective means at hand. 

Two corrective methods are known, although up to the present time 
one only has been widely employed, namely, the method by long series. 
Since the non-periodic gradient is produced by a variety of discontinu- 



\ 



416 MEASURING HEIGHTS WITH THE BAROMETER. 

oas causes, it is assnmed that it will in the long ran favor one direction 
no more than another, so that t\ie sum total of its influence through a 
long period will be approximately zero. An extended series of observa- 
tions, therefore, covering several weeks or months, ajffords a mean result 
superior in accuracy to the result from a single pair of observations. 
The gain in accuracy, however, is usually incommensurate with the at- 
tendant expense, and the method is practically resorted to only when 
some other purpose is at the same time subserved by the observations. 

The second method involves the actual determination of the included 
gradient and demands the employment of at least three base stations. 
These should be established at approximately the same altitude and in 
such relative position that the lines joining them shall include the prin- 
cipal portion of the district of new stations. The pressures at the three 
stations at any point of time afford the means of computing the coinci- 
dent direction and amount of the gradient on the assumption that the 
surface of equal pressure, to which reference has alread^^ been made, is 
an inclined plancj without curvature. This assumption is never strictly 
warranted, but if the district is small as compared with the amplitude 
of the pressure waves which cross it no serious error is involved. The 
general direction and rate of gradient having been computed, a similar 
calculation shows how much exists between the new station and that 
base to which it is referred for the computation of altitude. Its amount 
is then applied as a correction to the reading at that station. 

The same result may be attained more easily and with a sufficient de- 
gree of accuracy by applying a graphic method to the same data. The 
new station, the base stations, and the simultaneous pressures at the base 
stations being marked on a map, it is a simple matter to draw across it, 
by eye estimate, contour lines of equal pressure (isobars), and so soon as 
this has been done the amount of the correction appears by inspection. 

The expense of maintaining a number of base stations is a serious 
objection to this metUod; but if the accessory stations have other func- 
tions, so that the hypsometric work does not have to incur their cost, their 
practical utility can hardly be doubted. In any country ftirnished with 
weather-maps such as the thrice-daily series of the United States Signal 
Service the hypsometer is provided with gradient corrections graphic- 
ally presented and without expense. 

There is one class of non-periodic gradients to which the preceding 
method will not apply — namely, the gradients accompanying thunder 
storms and other restricted vortical movements. The assumption that 
the surface of equal pressure is plane, even for a small district, is in 
this case so erroneous that isobars cannot be used. If the local effect 
of the disturbances upon the barometer is indicated by a continuous 
series of observations made at short intervals, it is sometimes thought 
best to plot the observations on section paper in such way as to rep- 
resent the rise and fall of the barometric column by an ascending and 
descending curve and then graphically replace it by a smoother curve 
assumed to express the movement which would have taken place but 
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for the exceptional disturbances. In the illustrative diagram the verti- 
cal lines represent hours and the horizontal lines hundredths of an inch 
of pressure. The curved line shows flie oscillations of pressare on a 
day characterized by thunder storms, and the broken line shows the 
pressure curve as arbitrarily amended. The amended pressure is sub- 
stituted for the observed in the computations of altitudes. When such 
disturbances are known to have occurred at the new station or base sta- 
tion and the observations are not sufBciently full to permit their elimina- 
tion, the best practice is to discard the observatious and base no deter- 
minations upon them. 

The method by plotted isobars has a theoretic advantage over that 
by long series, in that it takes account of the perennial gradient as well 
as the non-periodic. 
It affords a correc- 
tion for the actual 
gradient at the mo- 
ment of observa- 
tion, without refer- 
ence to theelemente 
of which that gnwl- 
ient is composed; 
while the method 
by long series elim- 
inates errors only 
by balancing those 

with a positive sign ^°- as. niap™ to UlQstimte the Oraphlo Method of CoireoMng 

against those with 

a negative, and necessarily fails to expunge constant errors. In order, 
however, to render practical this advantage in the use of isobars it is 
essential that the altitudes of all the base stations shall have been meas- 
ured by the spirit level, for if measured barometrically, no matter with 
what precautions, they will themselves be liable to an unknown correc- 
tion for perennial gradient. 

On the other hand, the method by long series has a theoretic ad- 
vantage over that by plotted isobars, in that it takes account not only 
of gradients but of the non-parallelism of gradient planes. When the 
new station is several thousand feet higher tliau the base stations from 
which isobars are plotted, it not unfrequently happens that the surface 
of eqiia! pressure passing through it has a very different form and in- 
clination from the suriiute of equal pressure passing through the lower 
stations, and the bjT)8ometric error due to this want of parallelism 
entirely escai>es the method by plotted isobars. 

Circumstances sometimes arise in which, while it is imjiossible to 
apply corrections for non-periodic gradient, it is nevertheless practi- 
cable to enhance the value of the result by discriminating among tbe 
individual observations of a short series — giving little infinence to 
27ttA 
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some or rejecting them altogether. iN'early all non-periodic gradients 
are associated with broad cyclonic movements of the air, and when- 
ever this is true their relatione to the local wind is somewhat definite; 
the steeper gradient accompanies the stronger wind, and observations 
made during a strong wind have therefore a relatively low value. To 
this rule, however, there are exceptions ; in all ordinary cases the direc- 
tion of the isobaric contour passing through a station can be inferred 
from the direction of the wind, and whenever it appears that the base 
and new stations fall under the same isobar, non-periodic gradient need 
not be feared. 

Turning now to the diurnal variation of gradient, we find four methods 
in use which serve to diminish its influence. It has already been ex- 
plained that the pressure of the atmosphere everywhere undergoes a 
daily cycle of change in addition to its other changes, and that the daily 
cycles of different localities are different. It is especially true that the 
changes occurring in valleys differ from those on peaks or even on hills. 
If the cycle at the base station is the same as at the new station, no 
gradient arises, because the relative pressure is unchanged ; but if the 
cycles are unlike, differences of relative pressure occur, and such diff'er- 
ences are gradients affecting, the hypsometric result. A gradient of this 
sort varies from hour to hour and is inclined alternately toward the base 
station and the new. At the instant of changing its direction it ceases 
altogether, and if that instant can be selected for the observation the 
error is avoided. One method of escape from the diflftculty consists, 
therefore, in the selection of the most favorable hours for reading the 
barometers. A great deal of attention has been given to the selection 
of favorable hours, not indeed with reference to the particular error 
arising from diurnal gradient, but with reference to the sum total of 
errors affecting barometric measurement of altitude. There are two 
serious objections to the employment of hour selection as a corrective 
for this particular error. The first is that the propitious moment is 
earlier on some days than on otbers, even in the same locality and in 
tlio same season of the year, while the change of gradient is usually 
most rapid just as it passes its zero. A small deviation in time would 
therefore frequently occur and would result in the introduction of a 
considerable element of gradient. The second is that the favorable 
moments are not the same for different pairs of stations; so that with- 
out a more thorough understanding than has heretofore been attained of 
the dependence of particular types of diurnal oscillation on the peculiar 
ities of locality, it must be impracticable to lay down any general and 
useful rule for the selection of times of observation — at least as applied 
to the elimination of errors of this class. 

The second and most obvious method is to ascertain the diurnal cycle 
of each station and apply to each observation a correction reducing it to 
the value it would have if there were no diurnal pressure change. 

Suppose, for example, that we wish to compute the relative altitude 
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of OgdeD, Utah, and Pioche, Kevada, and have among oar data the 
pressures at the two stations at 1 p. m. on the 1st of October. 

Pressure at Ogden=25.502 inches. 
Pressure at Pioche=24.221 inches. 

Curves exhibiting the pressure cycles (diurnal barometric curves) for 
those stations at that season of the year have been published by Mar- 
shall,* and from them we learn that at one o'clock the pressure at Ogden 
is .019 in. greater than its mean for the day, while at Pioche it is .004 in. 
less than the mean. The observed pressure at Ogden is therefore 
diminished by way of correction, and that at Pioche is increased, and 
the corrected pressures — 

25.502-.019=25.483, and 
24.221+.004=24.226, 

are used in the computation of the desired altitude. 

It is an objection to this method that its application to a single sta- 
tion is expensive. Except at maritime stations near the equator, the 
daily cycle of pressure is so combined with non-periodic changes that 
it is necessary to make a series of observations extending through several 
days in order to obtain data to separate it, — an outlay of time ill compen- 
sated by the advantage gained. It may be said also that while the ob- 
servations to determine the pressure curve must extend through several 
days, a series comprising only a single day will afford a mean value of 
the pressure for that day which can be used directly in the computation 
with superior advantage. This consideration is so obvious that in prac- 
tice observations for the diurnal curve at a station are never made for 
the purpose merely of aiding in the computations of altitude for that 
station. There is a general belief, however, that the diurnal pressure 
cycles of all stations in the same district which have approximately 
the same altitude are so nearly identical that one may be substituted 
for another, and that it is therefore possible to ascertain the character 
of the oscillation at one station of such a group and assume it for the 
others. In this way an obvious economy is effected where many new 
stations are to be determined, and if the belief is well founded it is possi- 
ble, by classifying all the new stations of a survey in groups and determin- 
ing the diurnal oscillations for each group, to prepare a system of cor- 
rections which will practically rid the observations of diurnal gradient. 
It is to be feared, however, that tlie belief is not warranted, for recent 
investigations tend to show that the local peculiarities of diurnal cycles 
depend as much upon the topographic peculiarities as upon the altitudes 
of their localities, so that any grouping based purely upon altitude 
woxdd be fallacious and misleading. 

The third method consists in selecting a base station within each 
group of new stations and referring all stations of that group to it in 

* U. S. Qeog. Sarveys W. of the lOOth Mer., vol. ii, pp. 544, 545, and Plate IX. 
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tho computation. The diurnal curves of new and base station being 
hypothetically identical, no diurnal gradient exists and no correction is 
needed. Being based upon the same assumption as the last method it 
is open to the same objection, and the great expense of using a base 
station for each similar group of new stations would effectually prevent 
its use if no object were to be attained aside from the elimination of diur- 
nal gradients. There are, however, other and more important advan- 
tages to be gained by such a multiplication and vertical distribution of 
stations, as will presently appear. 

In the fourth method series of observations are made at the base 
and new stations for twenty -four hours, and the means of these series 
are employed in the computation instead of the individual observations. 
It is probable that the effect of diurnal oscillation is completely elimi- 
nated by this procedure, — ^it is at least impossible to distinguish from 
non-periodic gradient any residual gradient which may' exist. The sole 
objection to the method is its expense, but this so far outweighs the ob- 
ject to be attained that it is rarely resorted to. 

It is easy to conceive that other means of dealing with diurnal gradient 
might be devised which would be at the same time effective and economi- 
cally practicable if only we were possessed of a satisfactory theory of the 
proximate cause of the diurnal pressure change. The subject has long 
occupied the attention of meteorologists andhypsometers, and a number 
of tentative theories have been advanced, but while it may be possible 
that some of these contain the essence of the true explanation it must 
be admitted that no one of them has commanded general assent and recog- 
nition. Like every other change affected by a daily period, it finds its 
remote cause in the heat of the sun, but the explanation of its immediate 
genesis as a result of the daily movements of the atmosphere has proved 
a bafiing problem in atmospheric dynamics. It is to be feared that even 
after its general theory has been established there will remain great difft- 
3ulty in the determination of the influeiice of local geographic conditions. 



TEMPERATURE. 

It has been explained in a preceding section that gradients are caused 
initially by inequalities of temperature, and it is equally true that fluctu- 
ations of humidity are more or less remotely dependent on changes of 
temperature; so that the temperature factor is indirectly responsible 
for a large share of the dif&culties which encompass the barometrician. 
Unfortunately it is direcUy responsible for the remainder, and the errors 
of which it is the immediate cause are, on the whole, the most serious 
of all. They arise from the heterogeneity of air with respect to warmth, 
and from the practical difSculty of ascertaining the thermic condition of 
the column of air which is weighed by the barometer. N'ot only is the 
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greater part of the column inaccessible to us, but that portion to which 
our observations are restricted is the portion least representative of all. 
Having recourse once more to a diagram, let A and £ be two stations 
at which barometric and thermometric observations have been made 
aud of which it is desired to ascertain the ditterence iik altitude. Let 
us assume that the difficulties depeiideut upon gradient have beeu over- 
come, so that the atmospheric pressure is knowu not merely at £ bat at 
the poiut C, having the same altitude as B but situated vertically above 
A.. In order to complete the computation it is ne*;e8sary to know the 
temperature of the columu A C. If tlie atmosphere were in a condition 
of static e(iuilibriuni there would be a uniform gradation of temperature 
from Cto A, andthe mean temperature of the column would be exx>re88ed 
by the half sum of tlie temperatures at B aud A. In the " bj"psometric 
formula," as it is called, — the formula which expresses the general rela- 
tions betweeu heights, pressures, t«mperatures, and moistures, and 
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which forms the groundwork of all hypsometric computatiou, — a static 
condition of the atmosphere is postulated, aud this half sum is assumed 
to give the temperature of the included air column. 

How inadmissible this assumption is will appear at once when the 
manner in which-the air acquires and loses heat is recalled. The body 
of the atmosphere is heated directly by the sun and gives off its heat by 
radiation to space. The surface of the earth is heated and cooled iu the 
same manner, but mauy times more rapidly, so that by day it is always 
much warmer than the body of the air, and by night it is much cooler. 
A layer of air next the earth receives its warmth trom the earth, aud is 
thereby caused to differ widely in temperature from the remainder of the 
atmosphere. 

In middle latitudes the average range of the daily temperature oscil- 
lation of the body of the air is about ii^F.", while for the superficial 

'The daily range of the temperature of the liods- of the atmosphere is not knowu 
by direct obaervatiou, but indirectly through compiitatiouB of altitude. Wheu a long 
Bsries of obaervations at two Btations are combined so aa t« show the mean pressure, 
me&n temperature, and mean humidity at each station for every hour of the day, and 
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layer it is from 10^ to 20° Dear the sea-shore, aDd from 20^ to 36<^ in the 
interior of continents. Usually therefore there are but t^o moments 
in the twenty-four hours when the temperature of the air near the ground 
bears a normal relation to that of the mass of the atmosphere above; in 
the night it is many degrees too cool, and in the heat of the day it is 
many degrees too warm. 

Unfortunately for the art of barometric hypsometiPy, the general tem- 
perature is the one most important to know, while it is practicable to 
measure by thermometers only the superficial. 

Eevertiug to the diagram (Figure 29), we may regard the air column 
A as consisting of two parts, of which the lower, A D, is controlled in 
temperature by the contiguous ground and oscillates daily through a 
wide thermic range, while the upper and greater, D, is influenced only 
by radiant heat and is relatively constant. The same layer of ther- 
mally variable air includes the upper barometric station as well as the 
lower, so that the thermometer reading at B affords no indication of the 
temperature at C\ and the temperatures observed at A and B absolutely 
fail to give the temperature of the air column A 0, They therefore fail 
to afford the data demanded for the computation of the altitude. 

The trouble does not end here, although its chief element has been 
outlined. It would perhaps not be a matter of great difficulty to acquire 
information about the upper air mass if its relation to the ground layer 
were simple, but such is never the case. Whenever the ground layer 
is cooler than the air above, it is of course heavier, and, like any other 
heavy fluid, it flows down hill and accumulates in valleys, forming lakes 
of cold air. The nightly layer of abnormally cool air is therefore thin- 
ner on eminences than in valleys, and the contrast increases as the night 
advances. When the conditions are reversed, so that the ground layer 
Is warmer than the air above it, it has a tendency to rise, but accom- 
plishes the change in an irregular manner, breaking through the immedi- 
ately superior layer here and there and rising in streams, which spread 
out in sheets wherever the conditions of equilibrium are reached. The 
conditions of equilibrium are greatly affected by the amount of moisture 
in the rising streams, and it results that the stratification of the air is 
notably irregular with regard to temperature. Observers in balloons, 
as they ascend or descend, rarely find an orderly succession of tempera- 
tures. If, therefore, we could in some way determine the temperature of 

when from these hourly means sepftrate computations are made of the difference in 
altitude of the two stations, the results are found too great for certain hours and too 
small for others. The element of the computation whicli varies most greatly from 
hour to hour is the temperature, and the differences in result are therefore ascribed 
to errors in the determination of the temperature. It is a simple matter to reverse the 
process and ascertain what temperature at each hour will give a uniform determina- 
tion of altitude, and this has been done by Plantamour, Rfihlmann, and others. The 
general result of their investigations is that the general temperature of the atmos- 
phere undergoes a daily change which is exceedingly small, amounting in the Alps to 
only 4^ Fahr. in summer, and less than 5^^ in winter. 
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some point of the apper hypsometric colamn, D, we should still be 
unable to deduce the mean temperature of the column with a high 
degree of accuracy. 



DEVICES FOB THE ELIMINATION OF ERRORS DUE TO TEMPERATURE. 

At least six different methods have been either employed or recom- 
mended for avoiding or eliminating the errors which arise from the im- 
perfection of our means of ascertaining the temperature of the air col- 
umn weighed by the barometers. 

Since the error inheres primarily in the temperatures observed at the 
two stations whose difference of altitude is to be ascertained, the most 
obvious way to eradicate it is to apply a correction to the thermometer 
readings before using them in the computations. Wherever long series 
of observations of the thermometer and barometer have been made at 
corresponding stations, high and low, it is practicable, by discussing the 
means of the series, to ascertain what correction should on the average 
be made to the thermometer readings at different hours of the day and 
at different seasons of the year in order to obtain accurate determina- 
tions of height; and this work has been performed by various investi- 
gators for several different pairs of stations, the results being embodied 
in tables of corrections. 

When these tables come to be applied, however, a high degree of 
accuracy is not attained, and for this there are two reasons : 

In the first place, there is a great dissimilarity in the observed tem- 
perature oscillations of consecutive days. The correction which would 
be appropriate to a certain hour of the average July day, for example, 
will apply closely to very few individual July days, being too great for 
some and too small for others. This difficulty has been partially met 
by constructing two tables, one for clear and the other for cloudy 
weather. 

In the second place, it has been found that each set of tables has a 
fair degree of usefulness only in a limited district including the locality 
where the data for its construction were derived, and that it almost 
uniformly fails when applied to remote districts. The daily and yearly 
cycles of temperature depend so largely on purely local conditions that 
the order of change observed in one locality cannot be assumed in ad- 
vance to obtain in any other. 

A second method employed to eliminate the errors is to apply cor- 
rections, not to the observed temperatures, but to the computed alti- 
tudes. For this purpose also tables have been constructed, and they 
do not essentially differ from those described above, except that they 
aim to remove errors arising from the moisture of the air as well as from 
its temperature. They are open to the same criticisms, for they assume 
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the similarity of consecntiTe days and include local peculiarities which 
prevent their universal application. 

A third method is closely allied in principle to the preceding but 
seeks to avoid the errors instead of eliminating them fi'om the result. 
It consists in the selection of favorable houi's of the day. If we exam- 
ine any table prepared for the application of either of the preceding 
methods we shall find that for each month of the year there are certain 
hours of the day when the indicated corrections are either very small 
or nothing at all, and it is evident that by selecting those hours for our 
observations of temperature and pressure we shall obviate at least the 
use of the tables of correction. The same difficulties, however, inhere 
in this plan. The critical moments at which the observed temperatures 
truly represent the conditions of the air column occur upon the average 
at about the same time of day in the corresponding seasons of each year, 
but they unfortunately vary so greatly from day to day that it is nearly 
useless to seek them ; and when to this consideration is added that of 
the inconvenience of making observations at prescribed hours, the 
method retains little to recommend it. Moreover, the element of local- 
ity enters so largely, and in ways apparently so anomalous, that no 
general rules for the selection of hours are practicable. For example, 
the tables constructed by Whitney for California indicate that below 
the altitude of 2,400 feet the most favorable hour for barometric work 
in January is 6 p. m., w hile above 2,400 feet noon is preferable. 

A fourth manner of procedure ignores altogether the readings of the 
thermometers at the two stations at the moment of barometric observa. 
tion, and substitutes therefor the mean temperature for the day, de. 
duced either from a series of observations extending continuously 
through the twenty four hours, or else from observations at 7 a. m., 2 
p. m., and 9 p. m., — which have been found by trial to give approximately 
the same result. It is thus assumed, first, that the temperature of the 
included air column undergoes no change whatever during the twenty- 
four hours, and, second, that the daily mean of temperature as deduced 
from observation truly represents the actual temperature of the air 
column. Neither of these assumptions can be true ; but they approx- 
imate so much more nearly to the truth than does the alternative 
assumption that the desired temperature of the air column is repre- 
sented by the thermometric readings at the moment of barometric obser- 
vation, tiiat a great advantage follows their substitution. The error of 
the first assumption is not great, but it is certainly appreciable and 
should not be neglected if it is possible to apply a correction. Planta- 
mour's discussion of the great series of Swiss observations shows that 
the temperature of the main body of the atmosphere is there in mid- 
summer 4^ Fahr. higher in the afternoon than it is at early morning, 
and such a difference of temperature, when converted into altitude, 
amounts to eight feet in each thousand. 

We have at present no means of knowing that the conclusions de- 
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rived from the Swiss observations are entitled to universal application, 
bnt it is reasonable to expect that fntnre investigation will enable the 
construction of tables whereby an approximately true diurnal sequence 
of temperatures can be substituted for the assumed diurnal uniformity 
of temperature. 

The second assumption, that the daily mean temperature of the air 
column is equal to the half sum of the daily mean temperatures of the 
two stations as determined by continuous observations, is probably 
true when averages of long periods are considered, but is fallacious as 
applied to individual days. And there is little ground to hope that 
future investigation will discover any method of correcting the errors 
involved in the means of individual days as derived from observation. 

The fifth method is one of avoidance rather than correction. It con- 
sists in having the base station at approximately the same altitude as 
the new station, so that the included air column is of small height and 
the error dependent on the inaccurate determination of its temperature 
inconsiderable. This method is highly efficacious, but the opportuni- 
ties for its application are rare. It was successfully employed, how- 
ever, by the survey in charge of Dr. Hayden for the measurement of 
the numerous high peaks of Colorado. A base station was established 
on one of the peaks and to it were referred all new stations of similar 
altitude. 

A sixth method was proposed by Buhlmann, but has perhaps not yet 
been put in practice. His plan consists essentially in deducing the 
temperature of the air from barometric observations made at points of 
known altitude simultaneously with the observations at the stations 
whose difference it is desired to ascertain ; the temperature thus ob- 
tained is then used in the computation of the desired altitude. The 
advantages of this method are believed to be great, but since it is closely 
allied in principle to the method it is the purpose of this paper to pre- 
sent, and will have to be discussed at length in a succeeding chapter, 
its consideration is deferred for the present 



HUMIDITY. 

The e)*rors which depend upon the humidity of the atmosphere resem- 
ble those due to temperature in that they arise from the imperfection of 
our means of ascertaining the actual condition of the air column. It is 
a common practice to make instrumental tests of the amount of mois- 
ture contained in the air at hypsometric stations, but there is reason to 
believe that these tests convey very little information as to the actual 
condition of the air column concemiDg which knowledge is desired. 
The error thus- accruing is less than in the case of temperature, only 
because humidity is a much smaller fEhctor of the hypsometric problem. 

The variability of the distribution of moisture in the atmosphere 
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arises from the atmospheric circnlation, taken in conjunction with the 
laws of condensation. Aqueous vapor is difliised so slowly in air, and 
its relative amount in the atmosphere is so small, that its movements are 
not independent, and it is practically carried by the air. Whenever^ 
therefore, a current of air moves upward and its temperature is lowered 
by rarefaction, a point may be reached where the accompanying vapor 
can no longer exist as such and is condensed to cloud or even to rain or 
snow. 

Whenever a current of air moves downward, on the other hand, its ca- 
pacity for moisture is increased, and it acquires a gtm«t-absorbent power 
so as to take up water from whatever moist surface it touches. At the 
surface of the earth there is an almost continuous passage of moisture 
from ground to air, only a part of the total exhalation being returned as 
dew. The daily circulation incited by the heat of the sun carries the 
moistened air upward, and eventually the water is returned to the earth 
in the form of rain. The acquisition of moisture by the air is greater 
by day than by night, and the precipitation is exceedingly irregular, so 
that in the distribution of the moisture there is a tendency toward hete- 
rogeneity, which is only imperfectly met by the slow process of molecular 
diffusion. Probably the most variable stratum of all is that next the 
earth, and it is to this that psychrometric observations are almost invari- 
ably confined. A change of station of a few feet, or a slight variation in 
the direction or force of the wind, will often cause a very important dif- 
erence in the indications. 

Similar irregularities are observed by aeronauts, who rarely if ever 
obtvain humidity records indicating an orderly diminution from the 
ground upward, and the irregularities which they observe are more 
striking than the associated irregularities of temperature. 

It is therefore generally conc^e^ fhat^the moisture observations 
which the hypsometer is able to make are of little service to him, unless 
it be in the form of means derived from long series. 



DEVICES FOR THE ELIMINATION OF ERRORS DUE TO HUMIDITY. 

Several of the devices employed to obviate errors of gradient and 
errors of temperature include at the same time errors of humidity, and 
it will be unnecessary to repeat their description here. The following 
methods apply to the moisture element only. 

First. It is a common practice to ignore the changes announced by 
the psychrometers from hour to hour, and from day to day, and to use 
instead of individual readings the mean of observations for a consid- 
erable period of time, such as a week or a month. 

Second. It is also a common practice to ignore altogether the indi- 
cated changes of moisture, and assume that the influence of moisture 
upon the density of the atmosphere is strictly proportional to that of 
temperature. This is done by ascribing to the temperature an effect 
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slightly greater than that due to the expansion of the air and omitting 
altogether the moisture term of the hypsometric formula. 

This practice finds a certain warrant in the general fact that warm air 
can hold, and on the average does hold, more moisture than cold, but 
it is to be doubted whether the results thus obtained are as accurate as 
those by the first method. It is not easy to test the matter, for the 
errors due to temperature, while they are to a certain extent analo- 
gous to those arising from humidity, are so much greater in amount 
that they mask them and render their discussion a matter of difficulty. 
There can be no doubt that either of these methods is preferable to that 
which employs a single psychrometric observation made in conjunction 
with the reading of the barometer as an indication of the coincident con- 
dition of the atmosphere; either of them is sufficiently accurate for the 
present, or until the more serious difficulties arising from gradient and 
temperature are more successfally met than they have been hitherto. 



KBRORS OF OBSERVATION. 

It has been assumed in the preceding pages that the instruments 
employed faithfully record the condition of the atmosphere in which they 
are immersed, that they are not exposed to abnormal local conditions, and 
that they are accurately read. As a matter of fact, however, meteoro- 
logical instruments are neither perfect in their construction nor capable 
of giving trustworthy indications unless handled with skill and care, 
while it is a matter of the utmost difficulty to secure strictly normal local 
conditions. We will give brief consideration to the principal errors of 
observation, and to the precautions which are found to diminish them. 

Take, first, the thermometer which is used to measure the tempera- 
ture of the air. The mercury in the bulb exchanges heat with the sur- 
rounding air by conduction, and would acquire precisely the temperature 
of the air if cut off from the influence of all other sources of heat. There 
is, however, a constant interchange of heat between all bodies, including 
the thermometer, by radiation, and if the surfaces in the vicinity of the 
thermometer have a different temperature from it, the^^ influence its 
temperature. Even the body of the observer communicates an ap- 
preciable thermic effect to the thermometer before him. It is import- 
ant, therefore, that the thermometer be insulated from all bodies which 
have not the temperature of the air; but this must be accomplished 
without depriving the air itself of free access to the bulb. At fixed 
observatories insulation is usually attained by surrounding the ther- 
mometer stand by a wooden lattice, but when observations are made out 
of doors by itinerary topographic parties the most that is ordinarily 
done is to place the thermometer in the shade and in such position that 
it receives radiation from no greatly heated object nor brilliant reflector. 
The influence of the body of the observer is avoided by approaching the 
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thermometer only when the moment has arrived for reading it, and then 
making the observation as quickly as possible, before the communication 
of heat has been great enough to acquire importance. 

The psychrometer in ordinary use consists of a pair of thermometers, 
one of which is exposed to the air in the usual manner, while the other 
is exposed with a moistened bulb. The evaporation of moisture fix)m 
the suiface of the wetted bulb has a cooling effect, and causes that 
thermometer to indicate a lower temperature than the other. The dif- 
ference between the readings of the two thermometers enables the hu- 
midity of the air to be computed. Observations with this instrument 
evidently suffer from all the defects of exposure which affect the meas- 
urement of the temperature, and they incur, moreover, some special dif- 
ficulties, which need not be described because they are overshadowed 
by that arising from the inequality of the distribution of moisture in the 
air. Except in very moist weather the heterogeneity of the air near 
the ground is so great that the aqueous contents indicated by the psy- 
chrometer at any instant are, within wide limits, a matter of accident. 
The best that can be done by the observer is to avoid making his meas- 
urement on the lee side of a surface affording rapid evaporation. 

The barometer, like the thermometer, is subject to errors caused by 
radiant heat, but in a somewhat different manner. The mercury of the 
barometric column, and the scale (usually of brass) by which its height 
is measured, expand in different degree for the same addition of heat, 
and it is necessary to know their temperatures in order to make proper 
allowance. The temperature of the instrument cannot be accurately 
measured unless it is uniform throughout, and unequal radiation from 
different sides interferes with this uniformity. 

The barometer therefore is not merely hung in the shade so as to avoid 
the direct rays of the sun, but is insulated as far as practicable from all 
sources of radiant heat, and is not approached by the observer until the 
moment for observation has arrived. 

The brass scale is usually so thin that it undergoes changes of tem- 
perature more rapidly than the mercury. If, therefore, the temperature 
of the surrounding air be gradually raised, the brass scale responds 
more promptly than the mercurial column and becomes relatively too 
long, while the reverse takes place if the temperature is lowered. It 
results that a rising temperature gives too low an estimate of barome- 
tric pressure, and a falling temperature too high. If the change is rapid, 
the record may be vitiated to the extent of ten or fifteen thousandths of 
au inch. The precaution generally recommended is to put the barometer 
in position and leave it with unchanged conditions for fifteen or twenty 
minutes before observation. 

In portable barometers of the pattern in ordinary use in this country 
the tube containing the mercury is of so small caliber that the move- 
ments of the mercury are influenced by capillarity. The mercury is 
prevented from standing as high as it otherwise would, and its iise and 
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fall are impeded. The errors thus occasioned have been corrected in va- 
rioas ways. They can be avoided altogether by giving to the tube a large 
bore, bnt the portability of the instroment is thus destroyed. Tables 
of corrections have been prepared, but their application is rendered diffi- 
cult by the inequality of bore, not only of different tubes, but of different 
parts of the same tube. The greater part of the difficulty from sluggish- 
ness, but not the whole, is removed by jarring the tube immediately 
before the reading is taken, so as violently to overcome the quasi adhesion 
of the surface of the mercury to its sides. The only known practicable 
method of making due allowance for the individual peculiarities of each 
barometer is to compare it with a standard under all conditions of press- 
ure, and record its errors, basing upon them afterwards a table of cor- 
rections. 

A third occasion of false estimate of pressure, and the most insidious 
of all, is found in the influence of wind. If during a strong wind 
the room in which a barometer is placed have apertures on the wind- 
ward side open, and all those on the opposite side closed, an abnormal 
quantity of air is forced into it, increasing its atmospheric tension and 
causing the barometer to rise. If, on the other hand, the windward 
apertures are closed and the leeward opened, a suction is produced 
whereby the quantity and tension of air in the room are abnormally 
diminished and the barometer is made to fall. Every aperture in every 
room contributes in some way to the influence of the wind upon the 
atmospheric pressure in the room, and this influence varies constantly, 
not only with the force of the wind, but with its direction. If the ba- 
rometer be hung out of doors the wind does not lose its influence bat 
merely changes the point of application. The cistern of the barometer 
is itself a room, communicating by an aperture or apertures with the ex- 
ternal air, and is as truly subject to abnormal tension as a larger 
inclosure. 

The errors which may thus arise in the case of strong winds are large, 
amounting in some instances to the 180th part of the atmospheric press- 
ure,* and affecting the determinations of altitudes by more than one 
hundred feet. Becent investigations encourage the hope that the pneu- 
matic principles upon which these abnormal tensions depend will soon 
be so well known that it will be possible either to avoid or to correct the 
errors they occasion, but for the present the only known method of escape 
is by choosing for observation periods of calm or of light wind. 



GENEBAIi DEVICES FOB DIMINISHINa HTPSOMETRIO ERRORS. 

There are a number of the devices mentioned above under the sev- 
eral heads of gradient, temperature, and humidity, which in their appli- 

* See Chapter IV for demoimtration of the hiflnenoe of the wind on the barometer 
observed on the summit of Monnt Washington. 
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cation always have the effect of diminlshiDg en ors of more than one 
class; and thei'e are, moreover, certain general methods of procedure, 
when many stations are to be treated together, which condace at the 
same time to accuracy of result and economy of effort. These will now 
be taken up in order. 

I. The chief of the general devices which have already been mentioned, 
is that of the empiric correction to the computed altitude. When the 
difference of altitude of two stations is computed repeatedly from a large 
number of observations, covering all parts of the year and all hours of 
the day, it is found that the results obtained at some seasons are on 
the average larger than those obtained at other seasons, and that those 
reached at certain hours of the day are on the average larger than those 
reached at certain other hours. From such series of results it is a simple 
matter to deduce corrections which, being added to the individual results, 
will make them accord better with each other and with the actual dif- 
ference of altitude. Such tables of corrections have been prepared in 
India, in California, and in Europe. To be of value they must be based 
upon the means of long series of observations ; and all of the best of 
them are so based. As a rule, they contain a correction for each month 
of the year and each hour of the day, and are therefore adapted to the 
elimination of all errors, from whatever source, which have either a 
yearly or a daily period. They include the errors dependent on annual 
gradient, on diurnal gradient, and on the annual and diurnal variations 
of temperature and moisture. The influence of non-periodic gradient 
escapes them, and so does the influence of all non-periodic variations of 
temperature and humidity; and with the latter is included a very import- 
ant factor — ^the non-periodic variation of the amplitude of the diurnal os- 
cillation of temperature. Nevertheless, the elimination of periodic errors 
is a matter of so great importance that the device would be eminently 
useful were it not for the local restriction to its application. 

Such a table of corrections, when applied to the identical pair of sta- 
tions at which were made the observations on which it is based, gives 
good results; applied to another pair of stations in the same neighbor- 
hood it affords results somewhat less accurate; and applied to stations 
at a distance it fails altogether to enhance the accuracy of the deter 
minations. It is therefore not universal in its application, but strictly 
local, and, in order to give the device a general application, special tables 
of correction need to be deduced for every district in which it is desired 
to apply them. 

It might at first seem natural that a system of errors dependent upon 
the periodicity of the supply of solar heat would be identical the world 
over and might be eliminated by a single system of corrections, but 
as a matter of fact they cannot be so eliminated, and the difficulties 
which stand in the way are not far to seek. While the sun is the 
prime cause of all atmospheric perturbations, and whUe the variations 
in the amount of solar heat which reaches any given spot are cliarac- 
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terized by the most defioite dinrnal and annual periods, its influence is 
nevertheless greatly modified by conditions, and some of these condi- 
tions are purely local. The principal ones are as follows : 

First. Latittide. If this were the only one it could be readily taken 
account of, and it would be a simple matter to compute empiric correc- 
tions for all latitudes. 

Second. Relation to ocean currents. The circulation of the ocean 
causes the transfer of great bodies of warm water toward the poles, and 
of bodies of cold water toward the equator, and these moving bodies ot 
water, having each a temperature differing from the mean temperature ot 
the adjacent land, become themselves, so far as meteorologic problems 
are concerned, actual sources of heat and cold, and give to special local- 
ities which fall within their influence hypsometric conditions entirely 
independent of latitude. 

Third. Forms of land surface. The reliefe of the earth, by modifying 
the direction of winds, by localizing precipitation, and in numerous other 
direct and indirect ways, have an inflaence upon the condition of the 
atmosphere, which is none the less actual because in the present state 
of meteorologic science it is difficult to formulate. 

Fourth. Textures of land surface. The highly different powers of 
absorption and radiation possessed by surfaces of earth of various 
colors, by verdure, by naked rock, by snow, and by water, affect greatly 
the diurnal and even the annual variations of temperature, moisture, 
and gradient ; and their influence is of a complex character that defies 
close analysis. The hypsometric periodicity of a locality is therefore 
controlled by the physical characteristics of its vicinity — by its environ- 
ment, that is,— just as perfectly as is its weather, and we can hardly look 
forward to the time when meteorology will be so far enabled to analyze 
and weigh these various influences as to render it possible to adapt a 
system of empirical barometric corrections to all times and all places. 

The hypsometric device which applies an empiric correction to the 
observed temperature of the air Is practically identical with that which 
applies a correction to the computed altitude, for although the adjust- 
ment of the temperature is primarily for the purpose of correcting the 
periodic errors introduced by a false estimate of the thermic condition 
of the air, it is always deduced in such way as to correct at the same 
time all other errors having the same period. It is, therefore, subject 
to the same limitations in its application as the preceding device, and 
the same remarks apply to it. 

The method which depends upon the selection of hours of observa- 
tion relies also on the same principle, and has the same advantages and 
disadvantages. 

The hypsometric method which substitutes series of observations for 
individual observations is ordinarily barred from use by its expense, 
but there are occasional circumstances which render it available. It 
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is especially asefiil in determining the altitudes of meteoiologic sta- 
tions which are permanently occupied for other purposes. When the 
series of observations at each station is hourly and extends through an 
entire day, it serves to eliminate, either approximately or completely, 
all errors which exhibit a daily period. These are the diurnal gradient, 
the diurnal temperature error (which is the chief error arising firom the 
temperature of the air), and the diurnal moisture error. The non-pe- 
riodic and annual gradients are practically unaffected, and it is prob- 
able that there is usually a large residual inaccuracy in the determination 
of humidity. 

If the series of observations be extended through so long a period as 
a month, errors dependent upon humidity are greatly reduced, and if 
they have no large local factor, such as that which arises from the 
proximity of a surface of rapid evaporation, they are practically can- 
celed. The influence of non-periodic gradient is greatly diminished 
also, for usually in such a period of time it shifts its direction several 
times and approximately neutralizes itself in the mean result. If the 
series of observations embrace an entire year, the effect of annual gra- 
dient also disappears, and, theoretically, nothing remains but the per- 
ennial gradient. It is found, however, in practice that there is a small 
residual inequality. 

The method which depends upon the establishment of numerous 
base stations in a vertical series is likewise highly efficacious, and 
might be widely employed but for its expense. It affords no relief to 
the troubles imposed by annual and non-periodic gradients, and it is a 
matter of doubt whether it greatly diminishes the influence of diurnal 
gradient, but it practically excludes all errors arising from our imperfect 
knowledge of the temperature and humidity of the air. Those errors are 
proportioned, coetei'is paribus j to the difference of altitude between the 
new and base stations, and if the base station is in every case selected 
so that this difference of altitude is small, the errors are thereby ren- 
dered insignificant. 

n. We now turn to the second class of general methods. Nearly 
everything that has been said in the preceding pages applies to the 
case in which it is desired to ascertain the height of a single station, 
but in by far the largest part of hypsometric work a great number of 
new stations, lying more or less in the same neighborhood, are visited 
in rapid succession, and are all referred to the same base station, where 
a continuous series of observations is maintained. This is the case 
wherever the barometer is employed to furnish the vertical data for a 
map of a mountainous region, and it is under such conditions that the 
barometer as a hypsometric instrument is chiefly employed. 

When the scheme of stations consists of a base station where obser- 
vations are made at short intervals for a long period, and numerous new 
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stations at each of which the barometer is read either once only or at 
most a few times, temperature and moisture observations can be made 
of better quality at the base station than at the others. Such a 
base station is, or should be, provided with means for protecting its 
thermometers from all sources of radiant heat much better than is pos- 
sible during the hurried observations of an itinerary party; and the uni- 
formity of the local conditions by which it is surrounded tends to give 
a uniformity or harmony to the bypsometric results, which for most pur- 
poses is desirable even though constant errors are involved. It is usu- 
ally more important that determinations of altitude within the field 
of a map be consistent with each other than that they be absolutely 
correct. For this reason some geographers have preferred to confine 
their observations of temperature and moisture to the base station and 
carry no instruments but barometers to the new stations. For pur- 
poses of computation, the temperatures of the new stations are deduced 
from those of the base by adding or subtracting a number of degrees 
corresponding to the difference of altitude, allowing a certain fraction 
of a degree for each unit of vertical distance; and a similar empiric 
rule is applied to the moistures. It is an advantage of this method that 
it admits of the substitution of the mean air temperature for thetw'enty- 
fonr hours in place of the temperature observed at the hour of barome- 
tric measurement, without. prolonging the observations at the itinerary 
or new station into a daily series. It also admits of the derivation of 
a vapor correction from the mean of observations extending over a con- 
siderable period of time. There can be little question that it is superior 
both in economy and accuracy to the system which sends the ther- 
mometer and psychrometer along with the itinerary barometer and after- 
ward employs their indications in the computation of altitudes. 

Advantage is frequently gained, also, by the employment of inter- 
mediate stations, or temporary base stations. It often happens in the 
conduct of surveys that a field party retains its headquarters for several 
days in one place, during which time one or more barometric stations 
are made near by, and it is considered desirable in such case to carry 
on a series of barometric observations at the headquarters during 
the whole of the time. By means of these it becomes possible to deter- 
mine the altitude of the headquarters station more accurately than could 
be done if a single observation only had been made, and if its situation 
is at some distance from the barometric base station it is better in the 
computation to refer the itinerary stations of the vicinity to it than 
to the principal base station. The principal error obviated by this 
means is that due to non-periodic gradient. 

Another general method consists in the combination of barometric 

determinations with trigonometric. In any survey which is based upon 

triangulation the points occupied by the map-makers are necessarily 

intervisible, so that, if their distances are not great, it is possible to 

28 o A • 
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ascertain their relative altitudes by means of vertical angles, and this 
with a degree of accuracy to which the barometer has not yet attained. 
If, as is usually the case, the stations occupied by the topographer are 
also ^^new stations" of the barometric scheme, great accuracy can be 
attained by the combination of the two classes of data. The relative 
altitudes determined by means of vertical angles enable the computer 
to refer all the barometric determinations of altitude to a single point 
and there combine them. The mean result given by the combination 
has far higher claims to accuracy than any single determination, and 
affords a trustworthy initial point for the system of relative altitudes 
measured by the topographer. All classes of barometric errors are by 
this method diminished, and the altitude determination for each station 
of the entire system acquires an accuracy comparable with that which 
would be given by a continuous series of observations at a single new 
station extending through the whole period of field work. 



RELATIVE IMPORTANOB OF DIFFERENT SOURCES OF ERROR. 

In the preceding enumeration of the sonrces of error which affect the 
use of the barometer little has been said of their relative importance. 
It is indeed impossible to compare them in a strict way, because they 
are conditioned by different circumstances. The errors arising from 
non-periodic gradients are approximately proportional to the force of 
the wind and to the horizontal distance between the base and new sta- 
tions. Those which arise from diurnal gradient are apt to be greater 
when the difference of altitude is great. Errors arising from tempera- 
ture and moisture are proportional to the difference of altitude, but are 
influenced also by the time of day, the season of year, and the rela- 
tion of the stations to the ocean. The errors, therefore, which affect 
the determination of the height of a mountain above its base are those 
of temperature, moisture, and diurnal gradient, while the difficulty en- 
countered in determining the relative altitude of two stations upon a 
plain arises almost entirely from non-periodic gradient. 

It will be instructive, however, to assume a case as representing the 
average of conditions under which barometric hypsometry is ordinarily 
conducted and show in what proportion the result is likely to be affected 
by the various factors. We will assume that one station is five thou- 
sand feet higher than the other, that they are fifty miles apart, and that 
they are situated in the tempemte zone, remote from the ocean. We 
will assume further that the observations, a single pair, are made near 
the middle of a clear day in summer, and that a light wind is blowing 
at the time. The following table presents in its first column of figures 
the probable erroi in feet arising from each of the indicated sources, and 
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iu its second colamn the possible error, — all of the errors being estimated 
by the writer from the consideration of actual cases. 



From ftimiial gradient 

From diuxnal gradient 

From non-periodic gradient 

From temperature 

From moisture 

From imperfection of observation 

Totals 



Probable 
Error, 
in feel. 


Possible 
Error, 
in feet. 


6 


20 


8 


80 


20 


50 


100 


800 


10 


20 


10 


No limit 


108* 


420 



The conspicuous feature of the table is that the temperature error is 
not only the greatest under ordioary circumstances, but that it exceeds 
the total of the others, so that it is with good reason that hypsometric 
students have given their chief attention to devices for avoiding or cor- 
recting it. That from non-periodic gradient stands next, and it may 
fairly be said that if these two are neglected it is a waste of time to pro- 
vide against the others. It must be remembered, however, that these 
errors are estimated on the assumption that none of the special devices 
recited in the preceding pages are employed, save only the universal 
device of the base station. As a matter of fact very little work is now 
carried on without recourse to some of them, and it is probable that the 
'average error of the determinations of altitude which have been made 
during the past decade is less by one-half than the table would imply. 



N 



THE PRAGTIOAL PROBLEM. 

The difficulties which inhere in the use of the barometer for the meas- 
urement of heights are so numerous and so baffling that there is no 
reason to hope they will ever be fully overcome. The best that can be 
done is to mitigate them, and the real question to be answered is, What 
efficiency is it practicable to give to the barometer ? The question is 
largely an economic one, for it is always possible to obtain by means of 
the engineer's level a degree of pri dsion absolutely impossible to the 
barometer, and it can therefore never be profitable to employ a barome- 
tric method so elaborate that its cost will approach that of the use of 
the spirit level. Moreover, in that important branch of hypsometric work 
in which many points are to be determined within a limited district, the 
engineer's transit and allied instruments for the measurement of angles 

* When a measurement is sal:tject to errors from two or more soarces, its probabU error (usinfc the 
term in its mathematical sense) is equal to tbo square root of the sum of the squares of the probable 
errors from the several sources. 
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are able to do the work mach cheaper than the engineer's level, and their 
degree of precision is in general higher than that of the barometer. 
In such cases the barometer must therefore be handled with still greater 
regard to economy if it is to retain its place in the field. 

It has been practically demonstrated that in the work of mountain 
surveys protracted series of observations can economically be made at 
base stations, and it is almost equally certain that the protracted occu- 
pation of new stations, even for a single day, is economically inadmissi- 
ble. The problem therefore which occupies the attention of those who 
have occasion to use the barometer in extended surveys is how to secure 
the best result firom a single observation at a new station, combined 
with series of observations at one or more base stations. 

The preceding pages have described all the principal methods of pro- 
cedure that have been employed in the past; the following will set forth 
the new method which forms the theme of this paper. 



CHAPTER II. 

THE NEW SOIiXJTION. 

In the following pages a new system of barometric hypsometry is pre- 
sented.* It is not of universal application, but the range of work to 
which it is adapted is large, and it is believed that such tests as have 
been applied give it sufficient indorsement to entitle it to the attention 
of the geographer. 

The new system proposes a new method of observation and a new 
method of computation. 

The method of observation is as follows: Two base stations are estab- 
lished — one high, the other low. Their difference in altitude is made as 
great as practicable, and their horizontal distance is made as small as 
practicable. Each is furnished with a barometer, and a barometer only, 
and observations are made at frequent intervals through each day, as 
in the ordinary system. At each new station a barometer is observed, 
and no other instrument, — the psychrometer and all thermometers, ex- 
cept that attached to the barometer, being discarded. The difference in 
altitude of the two base stations is determined by spirit level and con- 
stitutes a vertical base line by which all altitudes are gauged. 

The field-notes thus consist of three series of barometric readings, 
pertaining respectively to the upper base station, the lower base sta- 
tion, and the new stations. 

The methoi of computation is as follows: The readings are first cor- 
rected for index error and temperature of instrument. They are then 
coUected'in groups of three, each observation at a new station being 
associated with the coincident observations at the two base stations. 
The altitude of the upper base station above the lower is now com- 
puted in the usual manner, except that no corrections for moisture, 
temperature, or gravity are applied — that is to say, it is computed on 
the assumption that the air is dry and has a uniform temperature of 
S2P F. ; and the same computation is made of the altitude of the new 
station above the lower base. The results of these computations will 

* The first pablioation of the system was made in a commonioatioii to the Philo- 
sophical Society of Washington, in 1877. (See page 131 of the Bulletin for that year.) 

437 



438 MEASURING HEIGHTS WITH THE BAROMETER. 

be called the approximate height of the base line and the approximate 
height of the new station. 
The following proportion is then made — 

The approximate ) ( The tnie height ) C The approximate ) i The true height 
height of the > : < of the base >::^ height o£ the > ; < ofthenewsta- 
baselineC^) ) ( line (B) ) ( Dew8tation(^) S ( tion (A) 

^^^11^ -f ==x (^) 

Here all the terms are known except the true altitude of the new 
station (A) and that is deduced by the solution of the equation. This 
is the essential nature of the computation. As will be presently ex- 
plained, its form is changed as a matter of convenience, and a small 
correction is added. ' 

The theoretic basis of this procedure will now be given. The weight 
(W) of the air column included between the upper and lower bases 
is determined by the barometers for the instant of observation. It is 
equal to the product of the mean density (d) of the column, multiplied 
by its height (B), multiplied by a constant^factor (E)*. 

W=dBE (2) 

B is the approximate height of the same column, computed on the 
assumption that its mean density is that which would obtain if it were 
free from aqueous vapor and had a uniform temperature of 32^ F. 
Galling this assumed standard density d, we have 

W=dBE (3) 

Dividing this last equation by the preceding, member by member, we 
obtain 

B d 
whence B~3 ("' 

The ratio of the approximate height of the base line to its true height 
is thus found to equal the ratio of the actual density to the assumed or 
standard density ; and it is the megrsure, therefore, of the temporary con- 
dition of the column with respect to density. 

Evidently an identical process of reasoning will show that the ratio 
of the approximate height of the new station to its true height is the 



* The composition of this factor is omitted from the text because it is not essential 
to the discussion. It includes the area of the crosa-section of the air column and 
the weight of a unit volume of dry air at a standard temperature of Oft Cent., and xm- 
der the standard pressure of 760""^. 
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measure of the temporary condition, with respect to density, of the air 
column included between the new station and the lower base station. 

Equation (1) postulates that the temporary condition of one air column 
is identical with the simultaneous condition of the other — ^with respect 
to an assumed standard of density. It does not postulate equality of 
densities, for the assumed standard is not a uniform density, but is that 
system of densities which would obtain under the logarithmic law in 
both columns if the air were dry and of a uniform, standard tempera- 
ture. It merely postulates that the temporary accidents of temperature 
and moisture affect both columns alike. 

What is practically done is to deduce from the comparison of the 
computed height of the base line with its true height a ratio or coeffi- 
cient expressive of the temporary local variation of density, and then 
to apply this coefficient in the simultaneous determination of the height 
of a partially coincident air column. The first member of Equation (1) 
deduces the coefficient ^ the second applies it. 

One of the distinctive characteristics of this hypsometric method is 
that it observes density directiy, whereas other methods observe tem- 
perature and moisture only and deduce density. The only reason which 
has ever existed for measuring air temperatures in hypsometric work 
has been to ascertain the density of the air, and the only reason for 
measuring the moisture of the air has been to ascertain its density. A 
second distinctive feature is that the new method employs in its de- 
termination of density a column of air comparable in height with the 
one to be measured and fairly representative of it, while other methods 
base their diagnosis of the column to be measured on density determina- 
tions made close to the ground, where, as a rule, the conditions are not 
representative. A third is that the process which determines the density 
is the simple inverse of the process which applies it in the computation 
of the desired height. 



THE FORMULA. 

We shall now proceed to develop the full formula for the computation 
of altitude, considering, first, what may conveniently be called the logo- 
rithmio terntj and, second, what may be called the thermic term. The 
logarithmic term will embody the relation postulated by Equation (1); 
the thermic term will express a necessary qualification of that postulate. 

Let L, XT, and N represent the altitudes of the .lower base station, the 
upper base station, and the new station, respectively, and assume 
L < N < U. Let {, Uj and n represent the synchronous barometric read- 
ings at the same stations, corrected for temperature of instrument and 
index error. 

Let B=the vertical base line, or the difference of altitude of the two 
base stations. B=U— L. 
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Let A=: the required difference of altitude, N— L, and a its uncor- 
rected value as deduced by Equation (!)•. Since B=U— L and 
A=N-L, B-A=U-N. 

All vertical distances are referred to the lower base station as an- 
origin. 

The approximate height of the base line, deduced by the logarith- 
mic law (p. 406) from the barometric readings at the two base stations, 

is — 

C (log i-log u)j 

in which C is a constant. The approximate height of the new station 
above the lower base station is — 

(log I — log n). 

With the substitution of this notation the proportion on page 438 becomes 

(log l—logu) : B : : C (log i— log n) : a, 

^^^^^ «=^-log «-log u ' (^) 

an expression free from the constant G. 

This is the logarithmic term of the formula. It would need no com- 
panion if the atmospheric column were uniform in temperature and if 
its aqueous vapor were uniformly distributed; but since this is never the 
case there must be added to it a term representative of the influence of 
the distribution of temperature and vapor on the distribution of densities. 

In a general way it is known that the upper layers of the air are 
cooler than the lower, but* the law of variation eludes disco sery, being 
concealed by its multitudinous exceptions. In a general way, too, it is 
known that the upper layers of air contain a smaller per cent of moisture 
than the lower, but in this case also the law of variation is obscured by 
its exceptions. In order, however, to give these elements a place in the 
formula it is necessary to embody their law of variation, known or postu- 
lated, and we shall therefore assume that the collective influence of the 
two factors upon the distribution of densities in an air column follows a 
simple arithmetic law, modifying the density of each part of the column 
by an amount strictly proportioned to its height above the base. When- 
ever a better assumption becomes possible the term here deduced will 
need to be replaced by another. 

The distribution of densities in the air is determined by three factors : 
pressure, temperature, and aqueous vapor. They are in reality inti- 
mately conjoined, but the considerations about to be adduced will be 

* The mathematical reader will observe a change of notation here; a is now used to 
designate a quantity denoted by A in Equation (1), while A is used for the same 
quantity plus a correction. In another sense, however, the notation is consistent, for 
A is continuously used to indicate the quantity sought, the necessity for a correction 
being ignored until the foundation of the formula had been laid. 
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rendered clearer by treating them for a moment as independent. If the 
air were of uniform density at all heights, and the element of weight 
were introduced alone, the lower strata would be compressed by the 
weight of those above, and the resulting system of densities would 
exhibit a diminution from below upward. If the air were of uniform 
density, and the element of temperature were introduced alone, the 
high temperatures at low altitudes would cause a dilatation there, the 
low temperatures at high altitudes would cause a contraction, and the 
resulting distribution of densities would be characterized by an increase 
from below upward. K the air were of uniform density, and the element 
of vapor distribution were introduced alone, the greater per cent of 
aqueous vapor (which is a rarer gas than dry air) in the lower strata 
would cause them to be relatively rare, £aid the resulting distribution 
of densities would be characterized by an increase from below upward. 
The pressure factor would make the lower layers of the atmosphere the 
denser; the temperature and vapor factors would make them the rarer. 
The pressure factor is by far the most important, and in the actual dis- 
tribution of densities there is a diminution from below upward ; but this 
upward decrease is a resultant of the upward decrease due to pressure, 
combined with the upward increase due to temperature and aqueous 
vapor. 

It will be convenient to speak of the factors dependent on temperature 
and vapor collectively as thermic^ calling the upward increase of density 
due to them the thermic increase and the density they would by them- 
selves establish the thermic density ; and it will be convenient to speak 
of the factor dependent on pressure as logarithmic^ since its influence is 
expressed by the logarithmic law. The logarithmic term of our formula 
gives an approximate altitude for the new station, dependent on the 
logarithmic factor of density ; the thermic term will have the relation 
of a correction to this. 

The mean thermic density of the air column comprised between the 
new station and the lower base station is by postulate equal to the 
thermic density of the stratum midway between the two, the altitude of 

which is — ~ — The mean thermic density of the column comprised 

between the base stations is in like manner equal to that of the stratum 

at the height expressed by — %—• The vertical space between these 

two midway strata is — 

U+L _y+L ^ U-N ^ B-A 
2 2 2 2 

The difference between the two mean densities will be found by mul- 
tiplying the number of units contained in this vertical space by the 
thermic increase of density for each unit of vertical space. The rate of 
thermic increase being assumed to be uniform from the ground upward. 



442 MEASURING HEIGHTS WITH THE BAROMETER. 

we may suppose that at some height its total amount becomes equal to 
the densit)^ at the ground, or that when expressed in terms of the initial 

density it becomes unity. Gall that height ^. The thermic increase of 

D 2 

density for each unit of vertical space is then expressed by 1-4- ^ , or ». ; 

and the expression for the difference between the mean thermic densities 

becomes — 

B--A 2 _ B-A 

2 D "^ D 

This expression has a linear space for its numerator and another for 
its denominator, and is itself a ratio. It denotes the firaction by which 
the thermic increase of density affects the relative densities of the two 
columns, B and A. Since the heights of the columns are inversely as 
their densities, the same ratio expresses the fraction by which the de- 
duced altitude, A, is affected by the thermic variation of density. The 
correction for thermic density is therefore found by multiplying this 

ratio by A, and is — 

A(B--A) 

D 

Since by postulate N<n, the midway stratum of the column A is 
lower than that of the column B, its temperature is higher, and its ther- 
mic density is less. Hence, the neglect of the thermic factor of density 
in the computation assumes too great a density for A. And since the 
height varies inversely with the density, the assumption which makes 
the density too great makes the height too small. The neglect of thermic 
density therefore gives too small a computed altitude, and the thermic 
correction should be given a positive sign. The full formula accord- 
ingly reads: 

A = B ;o84::i.;ggj? + ^ ^^ " ^^ (7) 

log I — log tt D 

The assumption that L<N<U, or that the new station is Interme- 
diate in height between the upper and lower base stations, was adopted 
for a temporary convenience, but is in reality not essential to the dem- 
onstration, and can now be laid aside. When the new station is higher 
than the upper base, B~ A becomes negative and renders the thermic 
term negative. When the new station falls below the lower base, A 
becomes negative and renders the thermic term negative. In the latter 
case, however, log n becomes at the same time greater than log Z, and 
the logarithmic term is rendered negative; so that, both terms being 
negative, their numerical combination is by addition. 

It was also assumed for simplicity's sake that the altitude of the 
new station was to be referred to the lower base station. Let us now 
make the opposite assumption, referring it to the upper base station, 
and making that station the origin of vertical distances. Calling B' 
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the base line as referred to the new origin, and A' the height of the new 
station referred to the same, we have — 

B'= -B, and A'= A— B, (8), (9) 

whence A= A'-B', and B-A= — A' .... (10), (11) 

Sabstitnting these valaes in Equation (7) we obtain — 

^"^^ ^ logi-log« + D ' 

whence a^^B^ !^g ^-j^g U ^i^^) (i2) 

log M— logi ^ D ^ 

This equation is identical in form with Equation (7), but u and 2 have 
exchanged places. This is as it should be, because the relations of the 
upper and lower base stations, severally, to the new station have been 
reversed. Equations (7) and (12) are indeed special cases of a more 
general formula. If we designate the barometer reading at that base 
station used as the origin of distances by o, and the reading at the other 
base station by «, and call the base line and computed height, as referred 
to the same station. Bo and Ao, we may deduce from either equation the 
following — 

^ B logo-logn A^(B^-A^ .... (13) 
log 0— log 8 D 

It is a matter of indifference, so far as the result in absolute altitude 
is concerned, whether new stations are referred to one base station or 
the other. As a matter of convenience, however, it is preferable to use 
the lower; and the remainder of the discussion will be based on Equa- 
tion (7). 

The application of the logarithmic term to the computation of altitudes 
is simple, and no table is required except a table of logarithms, but the 
thermic term is not conveniently constituted for direct computation 
and should be put into the form of a table, with a and B as arguments; a 

being the briefer designation of the uncorrected altitude, B ^?— ZL-M^. 

Such a table is appended to this paper, giving the thermic correction 
for each 100 feet of a and of B. It will suffice for all general use, but 
the computer who has a large number of stations referred to a single 
base line may find it advantageous to construct a special table for the 
individual value of B, and thus avoid interpolation. 

To apply the formula (7) directly without the intervention of a table 
is inconvenient because the thermic term involves the unknown altitude, 
A. The following form, which is not strictly identical but approximates 
closely, is firee from this objection — 

logZj-logn a (B - a) -..v 

^ = ^ 15^1 - log « + D"+ a - (B - tt) • • • ^ ' 
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It remains to consider the constant D, to which no value has yet been 

2 
assigned. By definition — is the increment of thermic density for an 

accent of a unit of space, and — is the vertical distance at which the 

total increment of thermic density amounts to unity. D is therefore 
a linear space to be counted in feet, or meters, or whatever other unit 
is used for B and A in the formula. It is also a function of the vertical 
distribution of heat and moisture in the atmosphere, and since that dis- 
tribution is a function of the vertical circulation of the air as modified 
by a great complex of conditions both local and seasonal, it is impractic- 
able to derive D deductively. It can only be ascertained experimentally. 
Indeed it is only in a mathematical sense that it is a constant; for it 
is far from being a fixed natural factor, such for example as the coeffi- 
cient of expansion of dry air. It is rather the average value of a per- 
petually fluctuating quantity, which we are content to consider in its 
totality, only because its component elements vary with time and space 
in a manner too complex for analysis. 

Our best means of ascertaining it is to apply our formula to the com- 
putation of altitudes already known, and see how large D must be to 
give the best average result. For this purpose we give Equation (7) the 

following form, 

A{B-A) 



D = 



A-B 



log { — log n 
log I — log u 



(15) 



and apply it to the barometric observations of stations (in groups of 
three) whose relative altitudes have been determined by spirit level. 

It is important that the stations differ greatly in altitude, each from 
each, that they be not widely separated horizontally, and that the 
series of observations include all portions of the year and all parts of 
the day. At the present time data for a satisfactory determination do 
not exist, but there are available two series of observations which sat- 
isfy some of the conditions. 

1. The Geological Survey of California, in charge of Prof. J. D. Whitney, 
conducted observations for a period of nearly three years at Sacramento, 
Colfax, and Summit, the barometers being read at 7 a. m., 2 p. m., and 
9 p. m. The differences in altitude and the distances of the stations are 
as follows : 



Sacramento to Colfax * ^ 

Colfax to Summit 

Sacramento to Summit 



Distance. 



MiieM. 
46 

88 

77 



Difference 
iEi Altitude. 



FuL 
2,890 

4,590 

8,989 
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Unfortunately the distances are so large that all results derived from 
the observations are affected by atmospheric gradients ; but a certain use 
can still be made of the annual means. 

2. Eilhlmann, in his Barometric Hypsometry, gives a table of means of 
observations made at three stations on the Miesing, citing Bauemfeind 
as his authority. The series is for a week in August, 1857, and includes 
the mean for each hour of the day from 8 a. m. to 6 p. m. The altitudes 
of the stations are : 



station. 



In Meters. 



Upper. 
Middle 
Lower 



1,883.5 

1, 355. 6 

815.4 



In Feet. 



0, 170. 9 
4.447.6 
2,675.2 



The distances are not given by Biihimann, and unfortunately the origi- 
nal record from which he quotes is not at this time accessible to me. 

The Califomian observations embrace the years 1871 and 1872 and 
portions of the years 1870 and 1873; but for the present purpose, only 
the series for the two entire years have been employed. 

The observations for each year were first divided into two equal parts, 
the first including the warmer months (May to October) and the second 
the colder months; and from the means of the barometric observations 
during each of these periods of six months the constant D was computed 
by Equation (16). The observations were next grouped according to 
the hour of day, those at 7 a. m., 2 p. m., and p. m. for each year being 
considered separately, and the constant was again computed. Finally 
a separate computation was made from the mean of all the observa- 
tions. 

In the following table the first column of figures gives the several 

values of D, in feet, and the second the corresponding values of =. , an 

expression now representing the increment of thermic density for each 
foot of ascent, and which it will be convenient to call the coefficient of 
thermic density. 

The last column contains a comparative expression for the increment 
of thermic density, derived from the temperatures observed at the 
highest and lowest stations during the same periods. To obtain it the 
difference between the temperature means of the two stations was mul- 
tiplied by Begnault^s coefficient of the expansion of gases for each degree 
of temperature, and the product, which represents the total difference 
of density at the two stations as dependent on temperature, was divided 
by the number of feet in the difference of altitude. 



446 



MEASURING HEIGHTS WITH THE BAROMETER. 



Table I. 
Valaos of the Thermic Constant, deduced from Califomian Obeerrationfi. 



Groups of Obserrfttions. 



Wann half-year. 1871. 

Warm half-yearf 1872. 

Mean 



Cold half-year, 1871. 

Cold half-year, 1872. 

Mean 



7 a. m., 1871 
7 a. m., 1872. 
Mean 



2 p. m., 1871 

2 p. m., 1872 

Mean 



9 p. m , 1871 
9 p. m., 1872 
Mean 



Whole year, 1871 . . . 
Whole year, 1872 . . . 
Period of two years 



D 



1,850,085 
434,204 



392,144 
411,949 



921,457 
768,417 



677, 118 
865,221 



476,066 
328,503 



608,361 
422,781 
497, 354 



Density 
Increnient 
deriyed from 
Obserred 
Tempera- 
tures. 



.00000 148 


.00000 461 


.00000 804 


.00000 510 


.00000 486 


.00000 498 


.00000 217 


.00000 260 


.00000 238 


.00000 347 


.00000 548 


.00000 447 


.00000 420 


.00000 600 


.00000 514 


.00000 829 


.00000 478 


.00000 401 



.00000 379 
.00000 462 
.00000 420 

.00000 597 
.00000 576 
.00000 586 

.00000 382 
.00000 451 
.00000 391 

.00000 527 
.00000 580 
.00000 553 

.00000 603 
.00000 527 
.00000 665 

.00000 488 
. 00000 619 
.00000 504 



The most striking feature of the table is the variability of the incre- 
ment. For the year 1872 it was nearly 50 per cent greater than for 
1871, and for the warmer half of that year it was three times as great 
as for the corresponding months of 1871. The cold and warm halves of 
1871 gave results strongly contrasted, while for 1872 their results are 
nearly identical. 

A second feature of interest is that the increment of density is greater 
at 2 p. m. than at 7 a. m., and is greater at 9 p. m. than at 2. This might 
perhaps have been expected, because the increment is chiefly due to the 
fact that the heat of the atmosphere is received by its lower layers and 
passes upward by convection. The resulting gradation of temperature 
from below upward may be supposed to be heightened during the day 
while the lower layers are being rapidly heated, and diminished during 
the night while the lower layers are losing heat. 

Analogous considerations would lead us to expect the summer incre- 
ment of thermic density to be found greater than the winter; but the 
reverse is true. The mean of two years' observations gives an increment 
in the warm months only three-flfths as great as in the cold. It is pos- 
sible that this relation is anomalous, being dependent on the exceptional 
climate of the great Oalifomian Valley, in which the lower station is 
situated, but comparative data are wanting. 

It is interesting also to note the general correspondence of the two 



OILBIBT.] 



ALTERNATIVE VALUES. 



447 



colamne of increments. The right hand column contains values of the 
upward increment of density dae to temperature alone, the values being 
derived from observed temperatures. The left hand column contains 
values of the upward increment of density due to temperature and 
moisture combined, the values being derived from observed pressures. 
The range of values is smaller in the thermometric series than in the 
barometric, but nearly all the irregularities of the latter are copied in 
the former. They agree in giving a larger increment in winter than 
in summer, at evening than at morning, in 1872 than in 1871. 

But while the two series of results show by their parallelism that 
they have a common basis, they are quantitatively unequal. For each 
section of the data which was computed separately (with a single ex- 
ception), the thermometric means give a higher value for the increment 
than do the barometric, and in the general mean this difference amounts 
to 12 per cent. 

Table II contains the value of the constant and of the density incre- 
ment computed from the Miesing observations. They are hardly com- 
parable with the Galifomian results, because they are based on the 
observations of a single week only, and, in the absence of more pre- 
cise information in regard to the topographic relations of the stations, it 
would be hazardous to draw conclusions from them. It is to be noted, 
however, that they give a decidedly greater value to the increment than 
do the Galifomian observations, and they indicate at the same time a 
greater range of variation dependent on the hour of day. 

Table II. 

Values of the Thermic Constant, computed from Observations on the Miesing in 

August, 1857. 



Hoar. 



8 a. m 

9 a. m 

10 a. m 

11 a. m 

12 noon 

1 p. m 

2p. m , 

3 p. m 

4p. m 

5 p. m 

6 p. m 

Mean of eleven boars 



692,104 
474, 934 
204,284 
297,022 
220,146 
187.409 
179, 237 
219,029 
257, 746 
410,350 
531.602 



274, 375 



2_ 



.00000 337 
.00000 421 
,00000 979 
.00000 673 
.00000 900 
.00001 067 
.00001 116 
.00000 911 
.00000 770 
.00000 487 
. 00000 870 



.00000 729 



In selecting a value of the constant for incorporation in the formula, 
the result derived from the Galifomian series of two years was given a 
large weight as compared with the result from the Miesing series of one 
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week, and 490,000 feet (almost identical with the Oalifomian ralue, 
497,354 feet) was adopted. With its substitution the formula (7) reads: 

A,,„E„gll.l,fee.,=B^|fe^+^^> . . .(16) 
or 

A (m meter8)=B ^^^ ^^^^^ u + 149349- ' ' ' ' ^^^^ 

The value cannot be regarded as final, but is merely the best at pres- 
ent attainable. The series of observations on which it is based is far 
from being the series theoretically most desirable, and its guaranty of 
accuracy is not unimpeachable. The great horizontal distance by which 
the stations are separated, and the relative proximity of the lower sta- 
tion to the ocean, expose the result to the influence of gradients both 
non-periodic and perennial. The limitation of the observations to three 
hours of the day is another imperfection, for although the means of tem- 
perature readings at the three hours api^'oximate closely to daily means, 
the means of pressure observations do not. Then, too, the leveling by 
which the altitudes of the stations were measured was conducted merely 
for the purposes of the railroad engineer and has presumably only the 
accuracy needed for such work, while the barometric observers at the 
upper stations were the station -agents of a railroad — men previously un- 
accustomed to such duties. Professor Whitney notes moreover that 
there were several breaks in the continuity of the observations, each 
comprising a number of days, which he filled by interpolation. 

The formula here deduced (16 or 17) takes account of the logarithmic 
law of density, and of the variations of density dependent on the tem- 
perature and humidity of the air. In the formulas of Laplace and 
Bessel there are additional terms which afford corrections to the com- 
puted altitude by taking account of certain variations in the force of 
gravity. 

The force of gravity varies with the latitude, and with the altitude 
of the station, and this variation affects the hypsometric problem in a 
/ variety of ways. First, it causes equal masses of air at different places 
to have unequal weights. Second, it causes equal masses of air at dif- 
ferent heights in the same vertical column to have unequal weights ; so 
that their pressures on the air beneath them produce a system of den- 
sities not strictly conformable to the logarithmic law. Third, it causes 
equal masses of mercury to have unequal weights at different places, so 
that the indications of mercurial barometers are subject to local cor- 
rections. 

These variations are by no means inconsiderable.^ In Guyot^s com- 
putation of the height of Mount Washington above its base, an allowance 
for them modifies the result by 16 feet ; and in the computation of the 
height of Pike's Peak above its base, their influence amounts to twice 
as much. Oarefid consideration was therefore given to them in the con- 
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straotion of the new formula; and it was not without reason that a cor- 
rective term was omitted. The warrant for ignoring them lies in the 
fact that they affect the air column .to be measured and the standard air 
column (base line) to which it is referred, in nearly equal degrees, so 
that their influence is approximately eliminated by the use of the stand- 
ard column in the computation. In the logarithmic term of the formula 
the numerator of the fraction is an approximate measure of the height 
of the new station above the lower base — ^involving the local effect of 
the variation in the force of gravity. . The denominator is an approxi- 
mate measure of the height of the base line — ^likewise involving the local 
effect of the variation. The division of one measure by the other elimi- 
nates so much of the influence of the variation as is proportional to the 
heights, and in so doing eliminates nearly the whole of it. 

The share that is not eliminated has been computed for a few special 
cases and found to be so small that it may be disregarded without ap- 
preciable error. For all ordinary determinations of altitude it amounts 
to less than one-fourth of a foot, and it will in no practical computation 
attain the magnitude of two feet. It is always less than the 100th part 
of the thermic correction, it never equals the 2,000th part of the computed 
altitude, and it falls far below the ordinary error of instrumentation. 

BXAMPLB OF CO&IPUTi^TIOX. 

In August, 1872, the mean pressure at Sacramento was 29.870 inches; 
at Colfax, 27.475 inches } and at Summit, 23.336 inches. 

The altitudeof Summit above Sacramento is 6,989 feet. Bequired the 
altitude of Colfax above Sacramento. 

log I = log 29.879 = 1. 47537 
log n = log 27.475 = 1. 43894 
log u = log 23.336 = 1. 36803 



log I — log n = 
log I — log u = 

log 0.03643 = 
log 0.10734 = 

Difference = 
log B =r log 6989 = 

Sum (log a) = 
a = 
Going to the table with the arguments: 
B = 7,000 and a = 2,300, we obtain 

Interpolation for 7,000 - 6,989 = 
Interpolation for 2,372 - 2,300 = 

Total correction. 



0.03643 
0. 10734 

- 2. 56146 

- 1. 03076 

- 1. 53070 
3.84441 



3. 37511 
2,372. feet. 

+ 22. 2 
— 0.1 
■f 0.3 



4-22.4 



Bequii^ difference of altitude, 2, 394. 4 feet 
29 G G 
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In practice nothiDg is written except the colamu of figures at the 
right. 

When the data are given in inches and thousandths no higher accn. 
racy is attained by using logarithms of more than five places. The 
value of a has an uncertainty in its tenths, and sometimes in its units, 
and this uncertainty affects the final result. It is a function of the limit 
to precision of instrumentation and cannot be avoided by any refine- 
ment of computation. So long as our instruments record no pressure 
changes smaller than the thousandth part of the barometric inch, we 
only delude ourselves if we consider less than an entire foot in the 
result. The tenths of a foot are given in the table only as an aid to 
the accurate determination of the units. After the completion of the 
computation the tenths are dropped.* 

It may be well to direct attention to the fact that the formula (7, 13, 
or 14) does not require all its quantities to be expressed in terms of the 
same unit. There must be a common unit for the barometer readings, 
Ij te, and n, and a common unit for 6 and D; but the algebraic relations 
permit these two units to differ from each other. The computed alti- 
tude, A, will be in terms of the unit employed to express B and I>. 

*In some of the aerial resalts tabalated in the following pages, the tenths of feet are 
retained for the sake of their influence on the final mean. 



CHAPTER III. 

COMPABATITTE TESTS. 

The fact developed in the last section — ^that the constant of the for- 
mula is not a constant of nature, bat varies from season to season, and 
even from hour to hour, as well as firom place to place— and the uncer- 
tainty which attaches to the quantity adopted as the expression of its 
average value, may appear to condemn the new method of hypsometry in 
advance. In reality, however, they do not constitute a serious objection ; 
for, in the first place, the uncertaiuty attaching to the constant affects 
only a correction which in practice is usually small; and, in the second 
place, the natural phenomena of which the uncertainty of the constant 
is an expression, are so intimately associated with the natural phenome- 
non which renders possible the barometric measurement of heights, that 
no known barometric method escapes their influence. It is on their ac- 
count and on account of the impossibility of completely eliminating the 
errors of gradient from the problem that the determination of heights by 
means of the barometer must always be a matter of approximation only 
and never of precision. The question to be asked about the new method 
IB not whether its application will afford an accurate result, but whether 
it furnishes a closer approximation than other methods without undue 
enhancement of expense. As compared with what may be called the 
ordinary method, the system here proposed involves the outiay necessary 
to establish and maintain two base stations instead of one, and unless it 
can show an advantage in accuracy of result it can have no claim to adop- 
tion. An attempt has therefore been made to compare it with the best 
methods in use by making parallel series of computations from the same 
records of observations. 

The comparison has been necessarily restricted to localities where 
continuous observations were made at two stations differing consider- 
ably in altitude, which could be regarded as bases ; and it has been still 
further controlled by the desire of the writer to contrast computations 
made by the new method, not merely with other computations made by 
hiipseL^ but so far as practicable with those made by the advocates of 
other systems. Three series of observations and computations have 
been found to answer the conditions; the first by Williamson, the sec- 
ond by Whitney, the third by Plantamour ; and these will be discussed 
in the order named. 

461 
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COMPARISON WITH WILLIAMSON'S METHOD. 

In 1868 Colonel B. S. Williamson published, under the auspices 
of the Corps of Engineers, United States Army, a treatise* on the use 
of the barometer for hypsometric purposes, which has served as a 
guide for nearly all the hypsometric work tiiat has since been con- 
ducted in the United States and still holds place in the front rank of 
barometric manuals. The method of procedure there set forth is espe- 
cially adapted to reconnaissances and surveys, and, briefly stated, is as 
follows : 

A single base station is used, at which the barometer, thermom- 
eter, and psychrometer are observed at stated hours each day. Itin- 
erary observers visiting the new stations employ the same instruments, 
and take pains to have each of their observations correspond in time 
with one of the observations at the base station. Series of hourly 
observations are made for a number of days in each month at the 
base station and as frequently as practicable at semi-permanent camps 
of the field parties, the object being to ascertain the nature of the 
diurnal curves of pressure and temperature both at the base station 
and in various portions of the field of survey. In the reduction of 
the results the first step after the application of instrumental cor- 
rections is to apply what is called a ^^ horary correction" to each of 
the barometric readings. This correction is derived firom the diurnal 
curves of pressure, and theoretically eliminates diurnal gradient. The 
corrected barometer readings for the base station are then plotted upon 
ruled paper so as to exhibit their curve, and all readings shown by 
inspection to be influenced by abrupt and violent atmospheric disturb- 
ances, such as thunder storms, are discarded, their places being filled 
by interpolation. The computation of altitude is then made by Plant- 
amour's formula, which takes account of both the temperature and 
the moisture of the air at the base and new stations. Instead, however, 
of employing the temperature recorded by the thermometers at the 
hour of barometric measurement, the mean temperature for the day is 
used, being deduced from observations at 7 a. m. and 2 and 9 p. m. ; 
and instead of employing the psychrometer readings for the hour of 
barometric observation, the mean of the psychrometric determinations 
for a week or month is substituted. 

In the year 1878 Colonel Williamson published the results of a se- 
ries of comparative computations, in which his hypsometric method 
was contrasted with that of Professor Whitney,t and as a portion 
of these results were derived from stations to which the new method 
is applicable they were selected as the basis for a new comparison. . In 



^ No. 15, Professional Papers of the Corps of Engineers, U. S. A. On the Use of the 
Barometer on Soryeys and Beoonnaissanoes. By Major B. S. Williamson. New York, 
1868. 

t On the Use of the Barometei^-being a CompencUnm without plates of No. 15, Pro- 
fesssional Papers of the Corps of Engineers. 'By Lieut. Col. B. 8. WiUiamson. Wash- 
ington, 1878. 
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Williamson's publication the original data are not given, bat only the 
resnlts of the compatations as exhibited in a table of mean and extreme 
errors ; bat he has coorteonsly farnished the writer a copy of the baro- 
metric readings and thus enabled him to apply his method of compu- 
tation to them. 

The observations in question were made at the hours of 7 a. m., 2 
p. m., and 9 p. m., during ten days of the month of August, I860, at 
three stations on the western slope of the Sierra Nevada. The positions 
of the stations, as given by Williamson on page 28 of his Manual, are 
as follows: 



Stetkni. 



Flaoerrille 

Strawberry V&U^ 
Hope Vall^ 



Latitade. 


liOBigitiide. 


Altitada. 


1 

88 44 
88 40 

88 47 


o t 
120 40 
120 07 
119 64 


Feet. 
1,906 

6^707 

7,072 



From these data were deduced the following: 



StotkniB. 



Diftenoe. 



DifllBreiiod 
ofAltitade. 



PUoerville to Btrawbeny Valley . 

PlaoervUle to Hope Valley 

Btrawbeny Valley to Hope Valley 



jra«f. 

86 
46 
12 



8,742 
^107 
1,865 



These differences in altitude appear not to have been determined by 
the aid of the spirit level, but only by computations from the means of 
a large number of barometric observations. The errors found by Will- 
iamson in his computations from single pairs of observations are not 
to be regarded as absolute errors but rather as wanderings &om the 
mean of many determinations, and therefore, in recomputing the alti- 
tudes and making a table of the errors incurred by the new system, I 
have compared each individual determination with the mean of its own 
series, instead of taking Williamson's mean determination as a standard. 
It would, of course, afford a better test of the comparative value of the 
two methods if the result of each individual computation were compared 
with an accurately-ascertained, authoritative value of the difference in 
altitude ; but, in the absence of such a standard, the only practicable 
criterion of comparison is the internal harmony of the several series 
of results. A method which, on successive trials, gives nearly the 
same result is manifestly preferable to one which gives widely different 
results. 

In the preparation of the observations for the application of the new 
formula no correction was made for the dinrnal oscillation of the barom- 
eter, and, with a single exception, the readings were used with no 
modification other than the usual corrections for the temperatures and 
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index errors of the instniments. The exceptional case is that of the ob- 
servation made at Strawberry Valley on the 17th of August, at 2 p. m., 
while a thunder storm was in progress. For this an interpolated reading 
was substituted. 

Having three equally continuous series of observations, it was evi- 
dently possible to regard each of the three stations in turn as the new 
station and the other two as base stations, and this was accordingly 
done. The air column comprised between Placerville and Hope Valley, 
assumed to have a height of 5,107 feet, was first taken as a base line, 
and from it the altitude of the intermediate station, Strawberry Valley, 
was computed. Under the new method it is a matter of indifference 
whether the space between the new station and the upper base, or that 
between the new station and the lower base, is the quantity sought. 
But it is not so with Williamson's method, and a comparison is there- 
fore made both with his determination of the difference in altitude be- 
tween Placerville and Strawberry Valley and with his determination of 
the difference between Strawberry Valley and Hope Valley. 

Table IH exhibits the data for the computation, and the results. The 
first column shows the hours of observation 3 the next three give the 
synchronous readings of the barometer at the three stations; the fifth 
column contains the several determinations of the difference in altitude 
of the stations in Hope Valley and Strawberry Valley, and the seventh 
the corresponding determinations of the difference in altitude of the 
stations in Strawberry Valley and Placerville. The numbers in the 
sixth column were obtained by subtracting the mean of the numbers 
in the fifth from each of them, and exhibit the deviations of the in- 
dividual results from the mean. It will be convenient to distinguish 
such deviations by the title *^ residual", reserving the word "error'' to 
designate deviations from an absolute standard. The numbers of the 
eighth column are derived from those of the seventh in a similar manner. 
In the line beneath the columns their arithmetic means, taken regardless 
of sign, are given, and the numbers opposite the word "range" are 
derived in each case by adding the largest residual with the plus sign 
to the largest residual with the minus sign. 

Strawberry Valley and Placerville were next taken as base stations, 
and from them the altitude of Hope Valley was computed. The assumed 
height of the base line was 3,742 feet, that being the altitude of Straw- 
berry Valley above Placerville as given by Williamson ; but it must be 
borne in mind that this quantity was itself determiued by the use of the 
barometer, and is therefore presumably only approximate. Whatever 
error it involves must inhere in all results derived from it, affecting 
them all alike. 

Hope Valley and Strawberry Valley were then taken as base stations, 
with an assumed difference of altitude of 1,365 feet, and from them the 
relative altitude of Placerville was computed. In the preceding case the 
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base line was nearly three times as long as the height determined by 
means of it; in this'case the relations are rieyersed, the base line having 
scarcely more than one-third the magnitude of the distance computed. 

Tabus III. 

Differencee of Altitade computed by New Method from Single Setsof ObeervationB* 

New Station intermediate between Bases. 



Day and Hour of ObseiTa- 
tion, IMO. 



Aug. 11—7 ft. m . . 

2 p.m.. 

9p.in. 
Aug. 12—7 ft. m . 

2 p.m. 

9 p. m . 
Aag. 1ft— 7ft.m. 

2 p.m. 

Qp.m. 
Ang. 14—7 ft. m . 

2 p.m. 

9 p.m. 
Ang.l6— 7ft.m. 

2 p.m. 

9 p.m. 
Aug. 16— 7 ft. m. 

2 p.m. 

9 p.m. 
Aug. 17 — 7 tk. m . 

2 p.m. 

9p. m 
Aug. 18—7 ft. m. 

2p.m. 

9p.m. 
Aug. 19—7 ft. m . 

2 p.m. 

9p.m 
Aug. 2^—7 fti m . 

2pm. 

9 p.m. 



Mean. 
Raago 



Barometer Beadinga.* 



Hope Yalley and 
Strawberry valley. 



Strawbeiry Yalley 
and Placenrille. 



Plaeer- 

▼iUe. 



JfMAai. 

2&009 
.017 

27.966 
.944 
.958 
.894 
.908 
.861 
.812 
.826 



.819 
.880 
.852 
.875 



.877 
.861 
.865 
.820 
.881 



855 



.914 
.925 
.941 
2&016 
.021 
.028 



Straw- 
berry 
YaUey. 



InehM. 

24.597 
.562 
.644 
.471 
.446 
.440 
.446 
.401 
.406 
.887 
.887 
.420 
.488 
.480 
.488 
.498 
.478 
.494 
.485 
[.4«61 
.460 
.474 
.488 
.469 
.497 
.477 
.532 
.579 
.670 
.613 



Hope 
Yalley. 



Jnehu. 

28.417 
.881 
.875 
.277 
.261 
.242 
.255 
.230 



.214 
.202 
.240 
.290 
.291 
.820 
.356 
.824 



.854 

.819 
.818 
.815 
.841 
.816 
.884 
.328 
.856 
.895 



.420 



CompazatiTe resnlts from WfUlamaon : 

Mean 

Bange 



Alt. 



FmL 
1,891.7 
1,880.8 
1,374.0 
1,887.6 
1.369.1 
1.896.8 
1.389.2 
1,371.2 
1,897.5 
1« 878.7 
1,890.1 
1,895.8 
1,860.8 
1.858.0 
1,882.5 
1.35&5 
1,866.8 
1,387.7 
1,357.8 
1,877.9 
1,8748 
1,874.6 
1,875.8 
1,87L4 
l,876w8 
1,859.2 
1,889.1 
1,38&2 
1,88L8 
1,402.4 



l,87a9 



1,86&6 



Besid. 



FM, 
+ 12.8 
+ 1.9 
■^ 4.9 
+ 8.7 

— 9.8 
+ 17.4 
+ 10.8 

— 7.7 
+ 1&6 

— 0.2 
+ 11.2 
+ 1&9 

— 0.6 

— 26.9 
+ 3.6 

— 20.4 

— 12.1 
+ 8.8 

— 21.6 

— 1.0 

— 4.6 

— 4.3 

— 8.6 

— 7.6 

— 8.6 

— 19.7 
+ 10.2 
■t 9.3 
+ 2.9 
+ 23.5 



10.4 
49.4 



21.0 
90.2 



Alt. 



FmL 
8,715.3 
8,726.2 
8,733.0 
3,719.4 
3,737.9 
3,710.7 
8,717.8 
8,735.8 
3,709.5 
3,728,8 
8,716.9 
8,71L2 
8,737.7 
8.754.0 
3,724.5 
8,74&5 
3,740.2 
8,719.8 
8,749.7 
8,729.1 
8,732.7 
3,782.4 
8,781.7 
8,735.6 
8,78L7 
8,747.8 
8, 717. 9 
8,7ia8 
3,725.2 
8,704.6 



8,728.1 



8,73L6 



Beaid. 



FmL 

- 12.8 

— L9 
+ 4.9 

— 8.7 
+ 9.8 

— 17.4 

- 10.8 
+ 7.7 

— lao 

4- 0.2 

- 11.2 

- 16.9 
+ 9.6 
+ 25.9 

— 8.6 
+ 20.4 
+ 12.1 

— a8 

+ 2L6 
+ LO 



+ 

+ 
+ 
+ 
+ 



4.6 
4.8 
3.6 
7.5 
3.6 
19.7 

— 10.2 

— 9.3 

— 2.9 

— 23.5 



10.4 
49.4 



20.1 
194.6 



*The barometer readings are from a mannscript copy of the original records fur- 
nished by Colonel Williamson, and are corrected for index error and temperatnre of 
instrument. The bracketed reading is interpolated. The comparatiye resnlts in the 
lower line are derired fiom page 49 of his Compendium. 
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The results of the former series of computations appear in the second 

and third colnmns of Table lY ; those of the latter series in the foorth 

and fifth colnmns. 

Tablb IV. 

Differenoes of Altitude Compnted by New Method from Single Sets of Observationa; 

New Station not intermediate between Base Stations. 



V 



Day and Hoar of Obaervation. 1860. 



Anf(. 11—7 a. m 
2i>.m 
Op.m, 

Ang. 12— 7a.m 
2p.m 
9p.m 

▲og. 18—7 a. m 
2p.m 
9p.iii 

Aag. 14—7 a. m 
2p.in 
9p.m 

Aag. 15—7 a. m 
2p.m 
Op.m 

Aag. 16^7 a. m 
2p.m 
Op.m 

Aag. 17—7 a. m 
2p.m 
Op. in 

Aag. 18—7 a. m 
2p.m 
9p.m 

Aag. 10—7 a. m 
2p.]n 
9p.m 

Ang. 20—7 a. m 
2p.m 
Op.m 



Mean . 
Bongo 



GomparatiTO reaolta from WUliamaon: 

Mean 

Bange 



Hope YaHey and 
Strawboiry valley. 



Alt. 



FBtt, 

1,40L7 
1,88&7 
1,877.4 
1,806.0 
1,870.7 
1,407.9 
1,80&2 
1,873.6 
1,400.6 
1,888.8 
1,890.6 
1,407.2 
1,870.9 
1,84&6 
1,889.1 
1,856.1 
1.867.5 
1.896.2 
1.864w4 
1,882.7 
1.877.8 
l,87ai 
1,879.1 
1,878.8 
1,879.4 
1.887.1 
1.898.1 
1,896.9 
1.888.1 
1,416.2 



1,884.1 



1,868.6 



Bedd. 



FtsL 

+ 17.6 
+ 2.6 

— 6.7 
+ 11.9 

— 18.4 
+ 23.8 
+ 141 

— 10.5 
+ 2&5 

— 0.8 
+ 15.4 
+ 23.1 

— 18.2 

— 85.6 
+ 6iO 

— 28.0 

— 1&6 
+ 12.1 

— 29.7 

— L4 

— 6.8 

— 6.0 

— 6.0 

— 10.8 

— 4.7 

— 27.0 
+ 14.0 
+ 12.8 
+ 4.0 
+ 82.1 



14.8 
67.6 



2L0 
90.2 



Strawberry Yall^y and 
Plaoerville. 



Alt 



8,648.7 
8,683.0 
8,70a4 
8,65a2 
8,726.7 
8.827.2 
8,652.5 
8,718.5 
8,622.8 
8,709.8 
8,649l3 
8,629.8 
8,726.0 
8,787.8 
8,676.8 
8^767.0 
8,785.5 
8,85810 
3,77L8 
8,694.0 
8.707.6 
8,706.6 
8,708.8 
8,717.8 
3,702.9 
8,764.1 
8,662.8 
8,656.1 
8.679.2 
8,606.9 



8,60L4 



8,78L6 






— 47. 

— a 

+ 17. 

— 88. 
+ 85. 

— 64. 

— 88L 
4 27. 

— 68. 

+ la 

— 42. 

— 62. 
+ 34. 
+ 96. 

— 15. 
+ 75. 
+ 44. 

— 83. 
+ 80. 

+ ao 

+ 1&2 

+ 16.2 
+ ia4 

+ 2a4 

+ 1L5 
+ 72.7 

— 8a6 

— 86.8 

— ia2 

— 85.5 



89.0 
18L9 



2ai 

194.5 



Besides the results from the reduction of these Angnst observations, 
Colonel Williamson has published a series of altitudes involving the 
same stations, based upon daily means of observations. They were not 
computed for the purpose of a comparative test, nor did he apply to 
them the formula published in his volume and of which he recommends 
the use. He applied, however, the formula of Ouyot, which differs 
ehiefly in failing to take separate account of the humidity of the atmos- 
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phere, and afifords nearly the same results when applied to the means of 
daily sets of observations. His publication includes the observations 
as well as the computed altitudes, and selecting from them the series for 
July and January, I have made comparative computations of altitude 
by the method of two bases, hoping thereby to illustrate stUl further 
the relative value of the new method, and especially to ascertain 
whether its results are affected like those of other methods by varia- 
tions depending upon the season of year. The results of the computa- 
tions are given in Tables Y, YI, YII, and YIII, where they are arranged 
side by side with those of Williamson. 

Table V. 

Differonoas of Altitude Oompated from Daily Means. Hope Valley and Strawberry 

VaUey. July, 1860. 



D»y of Month. 



1. 
S. 
8. 

4. 

6. 

6. 

7. 

8. 

9. 
10. 
11. 
13. 
18. 
14. 
1ft. 
16. 
17. 
18. 
18. 
20. 
21. 
23. 
88. 
24. 
26. 
28. 
27. 
28. 
28. 
80. 
81. 



By WilHMnwni. wtth 
Onyot'B FonnnlA. 



Alt 



Mmd. 
Bftngo 



1,881 
1,884 
1,888 
1,883 
1,885 
1,887 
1,878 
1,403 
1,41ft 
1,40ft 
1,380 
1,880 
1,400 
1,887 
1,890 
1,88ft 
1,888 
1,407 
1,890 
1,891 
1,880 
1,892 
1,891 
1,372 
1,865 
1,844 
1,367 
1,877 
1,891 
1,384 
1,886 



BMid. 



1,387 



— ft 

— 8 

— 1 

— 4 

— 2 


— 9 

+ 16 
4-28 
+ 18 
+ 4 

+ 8 
+ 13 

+ 10 

+ 12 

— 2 

— 4 

+ 20 
+ 3 
+ 4 

— 7 

+ ft 

+ 4 

— 14 
.22 

— 43 

— 20 

— 10 
+ 4 

— 3 

— 1 



By ITew Metbod, f ram- 



Hope VaUey and PIa- 
cernlle. 



Alt. 



10 
71 



1,8743 
1,87&7 
1,87&4 
1,374.0 
1.378.8 
1,888L4 
1,37&2 
1.39&4 
1,393.2 
1,37L4 
1,375.8 
1.879.9 
1.382.2 
1,386.8 
1,38&4 
1,882.6 
1,884. ft 
1,892L0 
1,385l9 
1.886.0 

i,88ao 

1.883.1 
1.387.1 
1.371.8 
1,369.7 
1.351.1 
1,380.4 
1,391.0 
1,39&4 
1.399.4 
1,395.6 



Beaid. 



— a8 

— 8.9 

— 42 

— 8.1 

— 8.8 
+ 8.8 

— 44 
+ 13.8 
+ 10.6 

— 11.2 

— 6.8 



1,382.6 



+ 
+ 

+ 
■f 
+ 
+ 

■f 



2.7 
0.4 
42 
5.8 
0.0 
1.9 
9.4 
8.3 
8.4 
2.6 
0.ft 
4ft 



— 10.8 

— 12.9 

— 31.ft 

— 2.2 
+ 8.4 
+ 13.8 
+ 16.8 
+ 12.9 



Strawberry Valley and 
Plaoerrille. 



7.3 
4a8 



Alt 



1,877.7 
1,883.8 
1,883.4 
1,378.0 
1,383.9 
1,3944 
1,383.1 
1,408.1 
1,403.6 
1.378.9 
1,879.8 
1,385l5 
1,888.7 
1,3949 
1.397.0 
1,888l3 
1,891.8 
1,402.1 
1,893.7 
1,393.8 
1,385.6 
1,389.9 
1.395.4 
1,3744 
1,371.5 
1.345.9 
1,386.1 
1,400.8 
1,40&1 
1,412.3 
1,406.8 



1,889.1 



Beeid. 



JVi«t. 

— 1L4 

— 6.8 

— 5.7 

— ILl 

— 5.2 
+ &8 

— 6.0 
+ 19.0 
+ 145 

— 15.2 

— 9.3 



+ 
+ 

+ 



3.6 
0.4 
&8 
7.9 
0.2 
2.7 



+ 13.0 



+ 


46 


+ 


47 


— 


3.5 


+ 


0.8 


+ 


6L8 


— 


147 


— 


17.6 


— 


43.2 


— 


8.0 


4- 


11.7 


+ 19.0 


+ 28.2 


+ 17.7 




10.1 




6&4 
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MEASURING HEIGHTS WITH THE BABOMETEB. 



Tabus YI. 

Differences of AlUtade Compnted from Daily Meana. Strawberry Valley and Placer- 

Yille. July, 1860. 



7. 

8. 

0. 

10. 

u. 

12. 
18. 
14. 
15. 
10. 
17. 
18. 
19. 
20. 
21. 
22. 



24. 
25. 
20. 
27. 
28. 
20. 
80. 
81. 



D»7 of Month. 



By WflUuDioii, with 
Onyot's Formula. 



Baage 



Alt 



8,788 
8.781 
8,700 
8,775 
8,764 
8,752 
8,701 
8.785 
8.780 
8.837 
8,781 
8.704 
8,788 
8,758 
8.700 
8.747 
8.742 
8.784 
8.758 
8.700 
8.742 
8.755 
8.740 
8,748 
8,750 
8.788 
8,780 
8,714 
8,784 
8,718 
8,725 



8,768 



Basid. 



+ «4 
+ 8 

+ a 

+ 17 

— 4 

— 

+ a 

+ 7 
+ 81 

+ » 
+ » 
+ 80 
+ 25 


+ 2 

— 11 
" 10 
+ 8 


+ 2 

— 18 

— 8 

— 18 

— 10 

— 2 
+ 5 

— 28 

— 44 

— 24 

— 40 



18 
118 



By New Method, from— 



Hope Talley and FU- 
oeinlle. 



Alt. 



8,782.7 
8.72&8 
8,728.0 
8,782.5 
8,728L2 
8,720.0 
8,728.8 
8,710.6 
8,718.8 
8,785.0 
8,78L2 
8,727.1 
8,724.8 
8,720.2 
8,71&0 
3,724.4 
8.722.5 
8.715.0 
8. 721. 1 
8.721.0 
8.727.0 
3,728.0 
8.710.9 
8,785w2 
8,787.3 
8.75&9 
8,728.0 
8,71&0 
8,710.0 
8,707.0 
8,71L5 



8,724.4 



BMid. 



FuL 
+ 8.8 



+ 
+ 
+ 
+ 



8.9 
4.2 
&1 
8.8 

— 8.8 

+ *.* 

— 18.8 

— 10.0 
+ 11.2 
+ 8.8 



+ 
+ 



2.7 
0.4 

— 4.2 

— 5.8 
0.0 

— L9 

— 9.4 

— 8.3 

— 8.4 
+ 2.8 

— 0.5 

— 4.5 
+ 10.8 
+ 12.9 
+ 81.5 
+ 2.2 

— &4 

— 18.8 

— 18.8 

— 12.9 



7.8 
48.8 



Hope Yalleyand Straw- 
berry v alley. 



Alt. 



F$gL 

8,707.5 
8,09L0 
8,002.8 
8,088.0 
8,600.5 
8,062.4 
8,693.0 
8,627.0 
8,688.4 
8,717.8 
8,701.8 
8.686.5 
8,677.8 
8,66L0 
8,855.2 
8,676.4 
8,660.« 
3,642.2 
8,664.8 
8,6640 
8,686.2 
8,674.5 
8,660.1 
8,716.8 
3,724.8 
8,795.0 
8,684.6 
8,646.8 
3,62(19 
8,616.2 
8,630.0 



8,07&4 



Beaid. 



FuL 

+ 8L 
+ 14. 
+ 15. 
+ 1L 
+ 14. 

— 14. 
+ 16. 

— 49. 

— 88L 
+ 4L 
+ 25. 
+ 10. 

+ 1. 

— 15. 

— 21. 

0. 

— 6. 

— 84. 

— 12. 

— 12. 

+ 8. 

— 1. 

— 16. 

+ 89. 
+ 47. 

+ua 
+ a 

— 80. 

— 49. 

— 00. 

— 46. 



96. 
17a 



oiLBorrl RESULTS FBOM DAILY BfEANS OF OBSERVATIONS. 
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Tablb VII. 

Differenoes of Altitade Oompated from Daily Means. Hope Valley and Strawberry 

Valley. January, 1864. 



Day of MoBtii. 



U. 
U. 
U. 
14. 
16. 
16. 
17. 
18. 
19. 
M. 

n. 



24. 

26 

26. 

27. 

28. 

28. 

30. 

81. 



Bt Wffliunaon, with 
Oayot't Fonniila. 



Alt 



1,848 

1, 

1. 

1,874 

1,818 

1,860 

1,800 

1,821 

1,! 

1,1 

1,888 

1,870 

1.872 

1,886 

1,874 

1,800 

1,316 

1,824 

1,802 

1,821 

1,320 

1,821 

1,280 

1,278 

1,811 

1,861 

1.867 

1,868 

1,401 

1. 

1, 



Bfldd. 



1,848 



+ 53 
+ 50 
+ 81 

- 29 
+ 7 
+ 7 

- 22 

- 64 

- 16 
+ 46 
+ 27 
+ 29 
+ 62 
+ 81 

- 42 

- 27 

- 18 

- 41 

- 22 

- 22 
. 22 

- 08 

- 65 

- 82 
+ 8 
+ 14 
+ 19 
+ 68 
+ 40 
+ 26 



By New Method, front- 



Hope Yallej and Pl»- Stnwbeiiy Valley and 
oerriJle. Plaoenrllle. 



Alt 



161 



1,850l2 
1.888L2 
1,887.2 
1,878L1 
1,847.8 
1,864.8 
1,866.1 
1,864.8 
1,884.0 
1,866l6 
1,879.9 
1,868.1 
l,87a9 
1,884.1 
1,876.2 
1,84&6 
1,854.6 
1,863.8 
1,866l6 
1,866.6 
1,36L0 
1,34&6 
1.817.3 
1,838.1 
1,860.6 
1,866.8 
1,850.8 
1,867.1 
1,894.4 
1,882.8 
1,87L7 



1,862.8 



Badd. 



- 3.6 
+ &4 
+ 24.4 
+ 10.8 
-16.0 
+ L6 
+ 3.8 

- ao 

- 2&8 

- 7.2 
+ 17.1 
+ 5.8 

+ ai 

+ 21.8 
+ 13.4 

- 14.3 

" a2 



+ 
+ 



0.5 
7.3 
3.7 

- L8 

- 17.2 

- 45i6 

- 29.7 

- 12.2 
+ 4.0 

- 3.0 
+ 4.8 
+ 31.6 
+ 19.5 

+ a9 



18.0 
77.2 



Alt 



FMt 

1,857.1 

1,396.9 

l,39a5 

l,37a2 

1,34L4 

1,3641 

l,36a6 

1,35L0 

1,322L4 

1,^362.1 

1,386.6 

1,869.8 

1.878.1 

1,39L2 

1,380.3 

1,84^3 

l,36a8 

1,862.8 

1,882.0 

1,367.1 

1,359.6 

l,33a4 

1.299.4 

1.321.2 

1,34a 2 

1.367.6 

1,367.9 

1.367.9 

1,40&3 

l,38a8 

1,874.3 



1,368.0 



Beeid. 



FuL 

- 4.9 
+ 84.9 

+ 8a6 

+ 14.8 

- 20.6 
+ 2.1 
+ 46 

- 11.0 

- 8a6 

- ao 
+ 2a5 

+ 7.3 
+ ILl 
+ 2a2 

+ ia8 

- 19.7 

- 11.8 

+ a8 

- 10.0 

+ ai 

- as 

- 2a6 

- 616 

- 4a8 

- ia8 
+ a6 

-4.1 

+ ao 
+ 4a3 
+ 2a8 

+ 12.8 



17.9 

loao 
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Table VIII. 

DiJQTereiicds of Altitude Computed from Daily MeaoB. Strawberry Valley and Placer- 

yille. January, 1864. 



2. 



8. 
9. 

10. 

U. 
12. 

13. 

14. 

16. 

10. 
17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

80 

81. 



Day of lionth. 



"Range 



By WilUamaoii, with 
Gnyot's Formula. 



Alt. 



F§eL 

8,725 

3,763 

8,771 

8,777 

8.751 

8,744 

8,783 

8,720 

8,714 

8,721 

8.761 

8.742 

8.769 

8.769 

8.769 

8.689 

8,679 



8,646 
8,659 
3.677 
8,712 
8,651 
3,671 
8,694 
8,721 
8,769 
3,753 
8,776 
3.784 
8.772 



8.727 



Bedd. 



Feet 

- 1 

+ 86 
+ 44 
+ 60 
+ 24 
+ 17 

+ 8 

- 7 

- 12 

- 6 

+ 84 

+ 15 
+ 82 
+ 48 
+ 82 

- 88 

- 47 

- 58 

- 81 

- 67 

- 60 

- 15 

- 76 

- 66 

- 33 

- 5 
+ 42 
+ 27 
+ 49 
+ 67 
+ 45 



138 



By Kew Method, froin-~ 



Hope Yallej and Pla- 
oervuJe. 



Alt 



Beaid. 



FmL 

3.747.8 

8,71&8 

3,719.8 

3,783.9 

3.759.2 

8,742.7 

8.740.9 

8.752.2 

8.773.0 

8,76L4 

8.727.1 

8,738.9 

8.73&1 

8,722.9 

8.780.8 

8,758.5 

8,752.4 

3,743.7 

8,751.6 

3,740.6 

8,746.0 

8,76L4 

8,789.8 

8,778.9 

8,766.4 

8,740.2 

3,747.2 

8,739.9 

8,712.6 

8,724.7 

8,735.3 



FmL 

+ 8.6 

- 25u4 

- 24.4 

- 10.8 
+ 15.0 
-1.5 

- 3.8 
+ 8.0 
+ 28.8 
+ 7.2 

- 17.1 

- &3 

- 8.1 

- 21.8 

- 18.4 
+ 14 3 
+ &2 
-0.6 
+ 7.3 

- 3.7 
+ 1.8 
+ 17.2 
+ 45.6 
+ 29.7 
+ 12.2 
-4.0 
+ 8.0 

- 43 

- 81.6 

- 19.5 

- 8.9 



8,7442 



13.0 
77.2 



Hope YaUeyand Straw- 
berry Valley. 



Alt. 



8,7642 
8,656.0 
8,650.7 
3,711.6 
8,807.7 
8,7444 
8,738.1 
8,781.0 
8,861.5 
8,77&0 
3,686.6 
8,780.5 
8.719.8 
8.67L0 
3.700.6 
8,805.0 
3,78L8 
8,748.8 
8,77&5 
8,786.6 
8,767.1 
8,815.4 
8,928.3 
8.865i0 
8,797.0 
3,785.6 
3,761.8 
3,7343 
3,6342 
3,677.4 
3,717.0 



8,75L1 



Bedd. 



+ 



+ 



Fe$L 

■ 18.1 
95l1 
9L4 
39.6 
66.6 
6w7 
18.0 
29.9 
+ 110.4 
+ 2&9 

- 646 

- 20.6 

- 8L8 

- 8ai 

- 60.6 
68.9 
80.7 

2.8 
27.4 
146 
6.0 
648 
+ 177.2 
+ 118.9 
4&9 
15.6 
10.7 
16.8 
116.9 
73.7 
841 



+ 
+ 



+ 

+ 



+ 
+ 



49.6 
294.1 



In Tables Y and YI the results for July appear ; in Tables YII and 
Yin the results for January. Tables Y and YII give determinations 
of the height of Hope Yalley above Strawberry Yalley ; Tables YI and 
YII I of the height of Strawberry Yalley above Placerville. In each 
table Williamson's values appear at the left and are succeeded, first, 
by the values computed from the base line given by Hope Yalley and 
Placerville, and, second, by the values computed from a shorter base. 

A selection from the same results is graphically exhibited in the curves 
of Plates LIY and LY. 



17. S. GEOLOGICAL SURVEY. 



AUNUAL REPORT 1881. PX. LIV. 
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It has been proposed to designate the height of the air column in- 
cluded between the two base stations as the '< vertical base'', or the 
<^base line". It will be convenient to add a parallel term and call the 
height of the air colamn included between the new station and that 
base station to which it is referred, the new line. If we repre- 
sent by the positions of the letters H, S, and P of the diagram, 
the vertic;3>l relations of the stations in Hope Valley, Strawberry 
Valley, and Placerville, then when Hope Valley and Placerville 
are used as base stations, the line H P becomes the base line, and 
either H S or S P the new line. When H S is taken as the base 
line and H P or S P is the new line, it is evident that every error 
which affects the barometric reading at H or S, and thereby 
affects the approximate determination of the base line H S, must 
appear in a magnified form in the corresponding determination of 
the new line ; but when the new line is shorter than the base line 
the reverse holds true, and errors affecting the base line produce 
relatively small errors in the determination of the new line. The 
most favorable circumstances for the application of the method 
are therefore those in which the base line is greater than the new 
line, and this is always the case when the new station is interme- 
diate in altitude between the two bases. 
It will be proper, therefore, in making a general comparison of results, 
to distinguish those cases in which the new line is shorter than the base 
line from the less favorable cases in which it is longer. 

In Table IX the results of Williamson's computations are compared 
with the best results by the new method — that is, with those obtained by 
the employment of a base line longer than the new line. 

By the new method the same degree of accuracy, and indeed the same 
result, is obtained by regarding either H S or S P as the new line; but 
by Williamson's method the case is different, and two columns are 
therefore given for his results, the first for the case in which the compu- 
ted height is about 1,305 feet, aiid the second'for the case in which it is 
about 3,742 feet. 

Two measures of precision are also indicated, the range of variation, 
and the mean of residuals, or the average residuaL It goes without 
saying that a poor method will ordinarily exhibit a greater difference 
between its extreme results than a good one ; but since extreme results 
are sometimes due to accidents altogether anomalous and exceptional, the 
rule does not invariably hold true. The arithmetic mean of residuals 
is a better criterion, for the amount of error or variation which by ex- 
periment is found to accrue an the average is a measure of the amount 
to be anticipated in future applications of the same method. In this 
case it happens that the general indication is the same by either cri- 
terion. 
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Table IX. 

CompariBOD of Results for the case of a New Station intermediate in Altitude between 

two Base Stations. 



ObterrtMxm*. 


Range of Compnted Besolta. 


Avenge Deviation of Individ- 
ual Itosnlts from the Mean. 


By WaUamsoD. 


By New 
Method. 


By WUliamson. 


By Hew 
Method. 


Compated Height. 


Compated Height. 


1,865 feet. 


8,742 feet. 


1,865 feet. 


8,742 feet 


Thirty Indlridaal Emm in Augast,1860 

Daily Means for July, 1860 

Daily Means for January, 1864 

Ratios 


FeeL 
90 

71 

151 


FeeL 
194 

113 

138 


FeeL 
49 

48 

77 


FeeL 
21 

10 

83 


FeeL 

20 

16 
86 


FeeL 
10 

7 

18 


1.00 


.47 


1.00 


.47 













The ratios at the bottom of the table were derived by first taking the 
corresponding ratios in each line and then dedacing their means. They 
indicate that by the application of the new method under favorable 
conditions the variation of resalts among themselves is reduced one- 
half, and they warrant the presumption that there is an absolute dimi- 
nution of hypsometric error by the same amount. In the absence of an 
absolute standard, and so long as the individual computed altitudes 
can only be compared with a mean of altitudes barometrically deter- 
mined, it is impossible to say that there are no constant errors which 
fail to be eliminated; but so far as the evidence goes it points tathe 
advantage of the additional base station. 

Turning now to the less favorable case in which the new station is 
not intermediate between the two bases, we find a less favorable result. 
With the line S P as a base, we might regard either H P or H S as 
the new line, but since Colonel Williamson has computed values for the 
shorter only of these lines, our comparison is necessarily restricted to 
that. 

Table X gives first the results obtained by WiUiamson for the line H S, 
and compares with them the results by the new method, the line S P be- 
ing used as a base. It then gives. the results obtained by Williamson 
for the line S P, and contrasts them with results by the new method, 
the line H S being used as a base. The second case is manifestly the 
less favorable for the new method, because it determines a long new 
line from a short base line, and this difference is strikingly exhibited 
by the numerical ratios. With a relatively long base line the new 
method diminishes the mean residual one-fourth; with a relatively short 
base line it increases it two-thirds. We may therefore say without hesi- 
tation that the new method should not be applied to new stations falling 
outside the base line and separated from its nearest extremity by a 



OILBBBT.J 



JULY AND JANUARY. 



463 



vertical space greatly exceeding the length of the base line. And we 

may farther say that for all stations falling outside the base line the 

advantage of the new method is less than for stations between the 

bases. The data are too meager, however,/to enable as to indicate the 

precise ratio of new line to base line at which the applicability of the 

method finds its limit. 

Table X. 

Compiiriflon of Results for the case of a New Station not intermediate in Altitude be- 
tween two Base Stations. 



ObAerrationB. 



Bange of Compnted Xteealts. 



Average DeviatloD of IndiTidnal 
Besnlta from the Mean. 



Computed | Computed Computed 

Height; 1,805ft. i Height, 3,742 ft , Height, 1,365 ft. 






9m a 

p 

as 

I" 



a 

o 
a 

a 



>% 

n 



. 






i 

a 






Thirty Individual Hours in Aug., 

1880. 
Daily Means for July, 1860 .... 
Daily Means for January, 1864 

Ratios 



FuL 


FMt. 


FmL 


FuA. 


FeeL . 


' 90 

1 


68 


104 


182 


21 


71 


66 


113 


179 


10 


151 


106 


138 


204 


33 


LOO 


.80 


1.00 


1.56 


LOO 



Ftet 
14 

10 
18 

.74 



Computed 
Height, 8,742 ft. 



a 



FeeL 
20 

16 
36 



I II 

WJ3 



Feet. 
39 

26 
50 



LOO 



L66 



It should be noted that in this comparison compatation by the old 
metiiod is made only of the distance between the new station and that 
base station lying nearest to it. Undoubtedly if we were able to ex- 
amine results in which the more remote base station was the one used, 
the old method would appear to less advantage. 

Yet another interesting comparison is afforded by the computations. 
It has been pointed out by many investigators that the results obtained 
in winter are different from those obtained in summer, being for some 
localities relatively high and for others relatively low. If these dis- 
crepancies depend upon the difficulty of determining the temperature 
of the air column by means of the thermometer, then theoretically they 
should be eliminated by the new method, and approximately the same 
mean results should be obtained at all times of the year — ^provided, al- 
ways, the sta^tions are so situated that the element of gradient does not 
largely enter. The stations in this case are so widely separated that 
the influence of gradient undoubtedly affects all the results, but it is 
nevertheless interesting to make the comparison. For this purpose the 
means of all the computed altitudes are assembled in Table XI. The 
second column gives the results for the period from August 11 to August 
20, 1860; the third for the month of July, 1860; the fourth for the 
month of January, 1864. The remaining columns show the means of 
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the qaantities in these three and their range. The upper division of 
the table is devoted to determinations of the altitude of Hope Valley 
above Strawberry Valley, and the lower to determinations of the alti- 
tude of Strawberry Valley above Placerville, each giving, first, the de- 
termination by Williamson, second, the determination by the new method 
applied with the new station intermediate between the two bases, and 
third, the determination by the new method applied with the new sta- 
tion outside the space included by the bases. Here, again, the superior- 
ity of the new method, when &vorably conditioned, is shown. The 
determinations of the middle station^ obtained by referring it to the 
highest and lowest as bases, have a range in the three months of only 
20 feet, while Williamson's determinations show a range of 44 feet 
when the upper station is taken as the base, and of 31 feet when the 
lower is taken. Here too the most discordant determinations of all are 
those obtained by the new method when the new line is longer than the 
base line and lies entirely without it : the results of the computation 
of Placerville from Strawberry Valley and Hope Valley exhibit a range 
of 75 feet. 

Tabus XI. 
Comparison of Means of Altitude Determinations. 



Hope VaJley and Strawberxy Valley : 

By Williamson 

By New Method: 

Ba«e=5, 107 feet 

Base = 3, 742 feet 

Strawberry Valley and Plaoerville: 

By Williamson 

By New Method : 

Base =-5,107 feet 

Base » 1,366 feet 



Ten Days 

in 
Anirnst, 

186a 


July, 
1860. 


Jannary, 
1864. 

Fe^ 
1,343 

1.363 
1,362 


Mean. 


Feet. 
1,309 

1.379 
1,384 


Fett. 
1,387 

1,888 
1,889 


Feet. 
1,366 

1,875 
1,378 



Bange. 



FeeL 



44 



27 



8,782 


3,758 


* 

3,727 


3,739 


8,728 


8,724 


8.744 


3,782 


3,691 

• 


8,676 


3,751 


8,706 



81 

20 
76 



The data are too meager for generalization, bnt so far as they go their 
indication is favorable to the new method. Williamson's recoixls and 
discussions show that the month of January, 1864, was characterized 
in California by storms, while the month of July, 1860, and the ten days 
selected in August, were not so characterized. It is therefore possible, 
if not indeed probable, that the residuum of 20 feet, which the best ap- 
plication of the new method fails to eliminate from the disparity of the 
results for July and January, is largely due u> the gradiente accompa- 
nying the January storms. 

It will be noted that the determinations by the new method of the 
difference of altitude of the two upper stations is almost nnifoimly^ 
greater than by the old, while the determination of the difference be- 



CRLBBBT.] 



Whitney's method. 



465 



tween the two lower statioiis is almost nniformly less. The deficit in the 
one case is the correlative of the excess in the other, for any inflaence 
which tends to raise the estimate by the new method of the one dis- 
tance, tends at the same time to lower the estimate of the other. In the 
absence of an absolute standard it is impossible to refer the discrepancy 
to one method or the other. In applying the new method, the mean 
altitudes obtained by the old method, as given by Williamson, were 
accepted as the basis of compatation, and whatever errors they involve 
have been not only retained but slightly exaggerated. 



COMPARISON WITH WHITNEY'S METHOD. 

In the year 1870 Professor J. D. Whitney, at that time State Geologist 
of California, instituted a series of barometric and thermometric obser- 
vations at three stations upon the western slope of the Sierra Nevada, 
and the observations were continued for about three years. In a report 
to the legislature,* to which we have already had occasion to refer, he 
discusses these observations and bases upon them a series of hypsometric 
tables and a hypsometric system. The three stations were Sacramento, 
Colfax, and Summit, all upon the line of the Central Pacific Railroad 
and determined in altitude by the railroad surveys. Their relations in 
distance and altitude are as follows: 



stations. 



Sacramento to Colfkz . 

Colfluc to Summit 

Sacnunento to Sammtt 



Distance. 



MUet. 
45 

36 

77 



Difference 
of Altitade. 



2,890 
4,590 
0.989 



Their latitude is about 39^. The observations were made daily at the 
hours of 7 a. m., 2 p. m., and 9 p. m., and from them Whitney derived 
monthly means for each hour. From these means of pressure and tem- 
X)erature he computed the difference in altitude of each pair of stations 
for each month of the three years and for each hour of observation, 
using Williamson's tables for the purpose, but neglecting the correction 
for humidity. 

Comparing the results of these computations with the known differ- 

* '' Geologioftl Survey of California. J. D. Whitney, State Geologist. Contiibntions 
to Barometric Hypsometry, with Tables for Use in California. Published by Authority 
of the Legislatore. 1874.'' 

The title page does not announce the author of the volume. The * * Prefatory Note " is 
signed with Professor Whitney's initials, but speaks of the volume as ** prepared by " 
Prof. W. H. Pettee, and conveys an impression of joint authorship. It is therefore 
with a constant reservation in favor of Professor Pettee that I have referred to the 
book and the hypsometric method as Professor Whitney's. 
30g A 
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ences of altitude, he made tables of errors for each year and for each paii 
of stations. The series of errors he foond to be similar in the different 
years, but not the identical, and, making allowances for their irregulari- 
ties, he deduced from them a system of corrections which he embodied 
in tables. The first of these tables is entitled '< Corrections to be applied 
for each thousand feet from sea-level to 2,400 feet," and gives a separate 
factor for each month of the year and each hour of the day from 7 a. m. 
to 9 p. m., inclusive; the second table gives similar '< Corrections to be 
applied for each thousand feet from sea-level to 7,000 feet"; and the 
third gives '^Corrections to be applied for each thousand feet of differ- 
ence of level between the altitudes 2,400 feet and 7,000 feet." For the 
application of these tables. Professor Whitney directs that the altitude 
of a new station above the base station shall be first computed by 
means of some such tables as Williamson's or Guyof s, but without the 
application of a correction for moisture, and that to the result the factor 
from some one of his tables shall be added, the particular table being 
determined by the positions and altitudes of the two stations. 

These tables are not intended for universal application, but merely 
for the neighborhood, largely considered, in which the observations on 
which they are based were made. Similar tables prepared by others 
in other climates, differ widely in the amount of correction to be applied 
at different hours and seasons, and no one table or group of tables can 
possibly be used to advantage in all parts of the world. Professor 
Whitney takes pains to define this limitation, claiming no value for his 
tables outside of California, and saying that '^in order to obtain the 
best results the world over, it will be necessary to have similar tables 
for each mountain region." His method thus demands for its applica- 
tion a large preliminaiy outlay in each district; and if the compara- 
tively inexpensive system here proposed can be shown to equal his in 
precision of result, it will be entitled to preference on economic grounds. 

Comparative tests have been made in three ways: by computing the 
altitude of Colfax from monthly means; by computing it from single 
observations; and by computing the altitudes of other points in Cali- 
fornia. They will be described in the order named. 

I. In the preparation of his tables Whitney was unable to make his 
correction for any particular hour and month the precise equivalent of 
the corresponding error in eaeh year, because those errors in the three 
years were different. There is, therefore, for each individual date a 
discrepancy between the correction he proposes and the error he wishes 
to eradicate; so that when his own tables are applied to the observations 
fix>m which they were derived they do not produce for individual months 
a perfect result. !N'evertheless, we must suppose that they were ad- 
justed as closely as was practicable, so that, after applying his correc- 
tions to the original observations, the residual errors are approximately 
at a minimum. Certainly, in the application of his tables to the differ- 
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ences in height of Sacramento, Golfax, and Summit, a selection is made 
of the conditions most likely to display his method to advantage. 

To render the comparison as jnst as practicable, the new method has 
been applied only under its most favorable condition, — the condition, 
that is, that the new station is intermediate in altitude between the two 
base stations. Sacramento and Summit were taken as bases, and from 
them the altitude of Colfax was computed for each month and hour of 
observation.* 

Whitney's series includes parts of the years 1870 and 1873, and the 
whole of 1871 and 1872. For the purpose of comparison the entire 
years only were used. 

For each month and each hour of observation Whitney has computed, 
by means of Williamson's tables, the height of Colfax above Sacramento, 
and his results are published on pages 75 and 76 of his volume. Simi- 
lar results for the difference in altitude of Colfax and Summit are pub- 
lished on pages 78 and 79. To each of these results the writer has 
added the appropriate correction from Whitney's special table, so as to 
give for each month and hour the result by Whitney's method. He 
has then subtracted from each of these results the altitude as deter- 
mined by level, and called the difference an error. These errors, for the 
years 1871 and 1872, appear in the first four columns of Table XII. The 
corresponding errors, deduced in the same manner from the results by 
the new method, appear in the two columns at the right. The footings 
show that the mean error in the determination of Colfax by the new 
method is about the same as by Whitney's method. Whitney's error is 
slightly greater if Summit is taken as base station, and slightly smaller 
if Sacramento is taken. 

II. The published observations give only the monthly means of the 
readings at the three stations, but Professor Whitney has done me the 
favor to place the original records at my service, and I have thus been 
enabled to base a second test upon series of single observations. For this 
purpose the observations at the three stations for the month of Novem- 
ber, 1870, were employed, their selection being determined by the acci- 
dental fact that of all the records which came into my hands the set for 
that month was most nearly complete. 

Table XTTI contains a copy of the original figures, excepting, first, 
that the barometric readings have been corrected for temperature of 
instrument; and, second, that in every case where an observation is 
lacking from the record all other observations at the same hour are 
omitted. There remain eighty-six sets of observations, giving simul- 
taneous pressures and temperatures at the three stations. 

* The data for the computations are published on pages 32, 33, and 34 of the Cali- 
fomian '' Contributions to Barometric Hypsometry." 



468 



MEASURING HEIGHTS WITH THE BAROMETER. 



tablb xn. 

Determination of the Altitade of Colfax, Califomia, from Monthly Means. 

ison of Errors by Different Methods of Computation. 



Compar- 



Month and Hoar. 



Mar. 



Apr. — 1 



May— "J 



Jan. —7 a.m. 

2p.m. 

0p.m. 
Feb. —7 a.m. 

2p.m. 

9 p.m. 

■7 a.m. 

2p.m. 

9p.m. 

7 a.m. 

2p.m. 

9p.m. 

7 a.m 

2 p.m. 

9p.m. 
June—? a.m. 

2 p.m. 

9 p. ro . 
Jul}' —7 am. 

2 p.m. 

9p.m. 
Aug. —7 a.m. 

2p.m. 

9p.m. 
S«pt. — 7 a. m . 

2p.m. 

9p.m. 

7a.m. 

2p. m 

9p.m. 

7a.m 

3p. m 

9p.m 

7 a. m . 

2p. m 

9p.m. 



Oct — 1 



Nov. — 1 



Deo. — 1 



Mean. 
Bango 



By Whitney's Method, the Base Station 
being— 



Summit. 



1871. 



Mean of two years 
Range 



FeeL 
+ 24.8 

+ 11.8 

+ 21.1 

4-2&4 

+ 6.2 

+ 19.8 

+ 9.4 

+ 2.5 

f 17.0 

— ie.1 

— lao 

+ 80.9 

— 23.5 
+ 1.5 
+ 30.8 

— 27.8 

— 1.9 
+ 14.8 
+ 4.7 

— 4.6 
+ 16.5 
+ 19.7 

— 15.8 
+ 34.3 
+ 3.9 

+ as 

+ 23.0 
+ 12.7 

— 4.8 
+ 14.5 

— 25.3 

— 12.2 

— 27.3 

— 45.1 

— 29.3 

— 43.6 



l&O 
79.4 



1873. 



FmL 

— 0.9 

— 2.8 

— 5.1 

— 47.7 
+ 3.2 

— 57.6 

— 8.6 
+ 8.0 

— 25.2 

— 1.6 
+ 12.0 

— 9.6 
+ 12.4 
+ 22.6 

+ 1.1 

— 1.8 
+ 7.9 
+ 5.6 
+ 0.3 
+ 11.2 
+ 0.6 
+ 12.0 

— 15.6 
+ 16.4 

— 4.2 

— 1.1 

— 22.2 

— 28.8 

— 25.9 

— 45.6 
+ 7.8 

— 8.1 
+ 1.3 
+ 6.1 
+ 5.4 
+ 6.9 



12.6 
80.2 



Saoramento. 



15. 
9L 



187L 



Fut. 

— 14.7 

— 0.9 

— 17.6 

— 8.2 
+ 3.0 
+ 13.6 

— 6.6 

— 1.0 
+ 0.9 

— 30.1 

— 7.7 

— 30.5 

— 10. 1 

— 0.7 

— 0.4 
~ 15w2 
+ 5.4 

— 22.3 

— 6.3 
f 3.0 

— 2.8 

— 3.2 
+ 8.8 

— 6.7 
+ 4.6 
+ 20.5 
+ 1.6 
+ 3.8 
+ 16.8 
+ 3.9 

— 2.2 
+ 1.8 
+ 8.4 
+ 14.8 

— 35.3 
+ 15.8 



9.6 
5Sl8 



1872. 



+ 
+ 



Fe«L 

+ 4.8 

— 1.1 

as 

3.2 

— ai 

— 4.2 
+ 7.1 

— 12.1 

— a9 

+ 10.8 

— i:».6 

— 11.4 
+ 3.0 

— 14.4 

— ia4 

— 4.5 

— 44.6 

— 22.3 
+ 17.8 
-5.8 
-4.1 

+ 1.1 

— 15.0 

— 13.5 

— 2.7 

— 24. 8 

— 4.2 

— a5 

— 24.7 

— 25.7 
+ 17.8 

— as 

— ao 

— 10.4 

— 32.1 

— 25.2 

12.0 
G2.4 



By Kew Method 
item Snmmitand 
Sacramento. 



1871. 



10.8 
65l1 



Feei. 

+ 2.5 

+ 2.0 

— a2 

— 4.0 

— 11. 
+ 3.6 

— 2.9 

— 5.7 

— 14.5 

— 10.9 

— 11.0 

— lai 

+ las 
+ a7 

.J- 8.9 

+ lao 

f 17.6 

— 2.2 
+ 87.4 
+ n. 
+ 10.0 
+ 33.0 
+ 10.7 
+ :!.3 
4 23.7 

+ ia5 

— 1.5 

+ lai 

+ 10.0 
+ 2.1 

— 4.7 

— ao 

— 14.0 

— 0.9 

— 7.0 
+ 7.2 



1872. 



FmL 

+ a2 

— L9 

+ a7 

— 21.2 
-20.1 

— 2ai 

+ 2.3 

— 10.8 

— ia7 
+ ai 

— 15.8 

— 14.4 
+ 17.8 

— 5.6 

— 7.8 

+ ia6 

— ia5 

— a2 

+ 39.3 

+ a2 

+ 5.7 

— 7.0 

— 14.3 

— 13.3 

— 4.1 

— 21.3 

— 14.9 

— 0.5 

— 20.9 

— 3a 5 
+ 28.3 



+ 

+ 
+ 



a 7 

4.9 

ai 
a 7 

1.9 





11.0 


_ 


12.8 


— 


5L4 




6a 8 


11.6 






09.8 





\ 
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Table XIIL 

Observations at Sacramento, Colfax, and Summit, California, daring the Month of 

November, 1870. (Whitney.) 



Day. 



2 

3 

A 
5 



8 

9 

10 
11 

12 

13 

14 

16 

16 

17 



Hoan. 



7a. m 
2i>.m 
9 p. Ml 
7a. m 
2p.m 
9p.iii 
7a. m 
2p.]n 
9p.in 
2p.m 
9p.in 
7a. m 
2p.m 
9p. m 
7a. m 
2p.iD 
9p.in 
7a. m 
2p.m 
9p.m 
7a. m 

2l».]D 

9p. m 
7a. m 
2p.m 
9p.m 
7a. m 
9p.m 
7a.m 
2p.in 
9p.m 
7a. m 
2p.m 
9p.in 
7a. ID 
2p.m 
9p. m 
7a. m 
2p.]D 
9p. m 
7 a.m 
2p.m 
9p.in 
7a. m 
2p.m 
9p.in 
2p.m 
9p.m 



Barometer (rednoed). 



Sacra- 
mento. 



Inehet. 
80.046 
29.964 

. vm 
80,096 
.089 
.092 
.124 
.085 
.114 
.167 
.182 
.104 
.072 
29.088 



ColfiuL 



.817 
.892 
30.088 
.087 
.180 
.2M 
.160 
.124 
.069 
.024 
.078 
.174 
.190 
.194 
.160 
.122 
.123 
.068 
.050 
.079 
.063 
.084 
.144 
.103 
.103 
.148 
.113 
.085 
.062 
.074 
.087 
.172 
.234 



Inehet. 
27.523 

.490 
.546 
.519 
.568 
.575 
.668 
.579 
.597 
.686 
.647 
.629 
.400 
.284« 
' .261 
.864 
.446 
.489 
.622 
.662 
.622 
.682 
.610 
.461 
.512 
.609 
.641 
.639 
.601 
.589 
.570 
.624 
.510 
.536 
.640 
.517 
.476 
.530 
.612 
.647 
.609 
.607 
.609 
.676 
.611 
.678 
.747 



Summit. 



Inehet. 

23.804 
.260 
.272 
.272 
.235 
.245 
.241 
.247 
.276 
.201 
.198 
.189 
.121 
.067 

22.901 
.851 
.900 
.984 

28.029 
.187 
.278 
.260 
.221 
.128 
.059 
.119 
.321 
.323 

.ns 

.326 
.323 
.299 
.283 
.287 
.822 
.876 
.421 
.453 
.438 
.440 
.441 
.408 
.412 
.411 
.374 
.416 
.474 
.546 



Thermometer (Fahr.) 



Sacra- 
mento. 



o 
40.0 

73.0 

56.5 

55.0 

67.0 

55.0 

42.5 

64.0 

50.5 

63.0 

52.5 

48.5 

62.0 

50.0 

45.0 

53.5 

46.5 

40.5 

49.0 

48.0 

41.6 

660 

46.0 

39.0 

57.0 

47.0 

87.0 

45.0 

87.0 

60.0 

49.5 

40.0 

64.0 

40.5 

87.6 

63.0 

49.6 

89.0 

68.0 

60.0 

41.0 

O.'S.O 

55.0 

42.6 

70.0 

6L5 

69.5 

51.0 



Colfax. 



o 
49.0 

74.0 

56.6 

4&5 

63.0 

51.5 

45.0 

61.5 

48.5 

55.6 

46.6 

46.0 

57.0 

47.5 

42.6 

43.6 

88.5 

40.0 

40.0 

41.6 

dab 

55 
41.0 
42.5 
49.6 
43.0 
37.0 
44.5 
42.0 
60.0 
51.0 
45.0 
65.0 
51.0 
45.5 
6&0 
6L0 
48.6 
64.0 
50.0 
50.5 
09.6 
56.5 
56.0 
75.0 
57.0 
74.5 
56.6 



Summit. 



o 
26u8 

49.6 

82.8 

27.5 

46.8 

37.2 

27.6 

46.6 

29.4 

4L0 

294 

80.2 

42.6 

82.0 

3L4 

26.2 

23.4 

21.4 

26.6 

26.2 

12.8 

40.6 

24.4 

27.2 

31.2 

23.8 

17.8 

28.3 

83.5 

47.0 

84.2 

28.2 

47.4 

82.4 

83.4 

49.0 

38.0 

86.0 

49.2 

3&2 

82.8 

53.0 

37.8 

38.0 

54.0 

87.2 

54.2 

89.0 



/ 
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Table xm— Continned. 




18 

19 
20 

21 

22 

23 

24 

26 



27 



20 



80 



Hour. 



7ft. m 

2p.m 

0]i.m 

7ft. m 

9p.]n 

7ft. m 

2p.m 

9i>.m 

7a. m 

2]i.m 

9p.m 

7ft. m 

2p.m 

9p.m 

7ft. m 

2p.m 

9p.m 

7ft. m 

2p.m 

9p.m 

7ft. m 

2p.m 

9p.m 

7ft. m 

2p.m 

9p.m 

7ft. m 

2p.m 

9p.m 

7ft. m 

2p.m 

9p.m 

7ft. m 

2p.m 

9p.m 1 

7ft. m 

2p.m 

9 p. m 



Barometer (reduoed). 


Thermometer (PAhr.) 


Sftcrft- 
mento. 


Ooli^T. 


Sammit 


SftCTft- 

mento. 


OolikT. 


Summit. 


JfidUt. 


Im^t». 


JncAft. 


o 


o 




.808 


,191 


.641 


48.0 


6L6 


8i.6 


.284 


.789 


.601 


69.0 


73.0 


68.2 


.284 


.780 


.607 


62.0 


56.0 


8a 8 


.270 


.742 


.672 


41.6 


54.0 


86.8 


.228 


.720 


.618 


6L0 


68.0 


^8 


.248 


.781 


.478 


44.0 


6L6 


84.0 


.186 


.708 


.613 


7L0 


78.0 


48.2 


.211 


.784 


.636 


62.0 


67.6 


8a4 


.297 


.796 


.666 


88.0 


6L0 


8L5 


.286 


.720 


.684 


69.0 


74.0 


4&0 


.194 


.707 


.642 


62.6 


66L0 


43.4 


.176 


.001 


.616 


87.6 


61.0 


34.4 


.140 


.641 


.460 


67.0 


74.6 


62.8 


.124 


.686 


.449 


4ao 


55.0 


8ao 


.164 


.662 


.434 


40.0 


62.6 


8L4 


.024 


.616 


.408 


66.0 


78.0 


61.4 


.171 


.672 


.426 


50.0 


63.6 


84.2 


.240 


.728 


.462 


44.0 


60.0 


32.6 


.195 


.097 


.438 


69.0 


68.0 


6L4 


.226 


.726 


.468 


6L6 


64.0 


3L2 


.226 


.696 


.480 


40.6 


49.6 


30.0 


.146 


.078 


.860 


66L0 


66.0 


62.0 


.084 


.686 


.298 


62.0 


62.0 


38.8 


.012 


.486 


.124 


44.0 


46.0 


84.0 


29.964 


.405 


.023 


68wO 


68.0 


82.2 


8a 009 


.426 


.051 


4&0 


60.0 


26.3 


.060 


.469 


.119 


48.0 


40.6 


23.0 


.080 


.467 


.152 


6a6 


5&0 


83.4 


.064 


.529 


.181 


48.0 


49.0 


19.4 . 


.114 


.640 


.198 


86.6 


86.0 


19.0 


.066 


.606 


.161 


58.0 


54.0 


34.0 


.050 


.506 


.188 


60.0 


50.0 


32.4 


.076 


.631 


.181 


47.0 


4&0 


81.2 


.116 


.603 


.189 


49.0 


43.0 


2a6 


.164 


.626 


.218 


48.0 


48.6 


28.6 


.182 


.629 


.234 


47.0 


44.5 


28.0 


.166 


.601 


.248 


64.0 


66.0 


86.2 


.118 


.564 


.249 


48.6 


47.5 


29.0 



From each set of observations the altitude of Gol&x was computed 
three times: first, by Whitney's method with Summit as the reference 
or base station ; second, by the same method with Sacramento as base 
station; and third, by the new method with Summit and Sacramento as 
joint bases. 

Since the computations by Whitney's method were not made under his 
supervision, and since his instructions for the application of his method 
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leave a certain latitade to the computer, it is proper to define precisely 
the manner in which the work was done. A first approximate altitude 
was in each case computed by means of Williamson's table marked Dj.* 
A correction for temperature was then obtained by subtracttng 64 degrees 
(F.) from the sum of the observed temperatures, dividing the remainder 
by 900^ and multiplying the resulting quotient by the approximate alti- 
tude; and this correction was applied to the approximate altitude. A 
number expressing the sum of the corrections due to the variations in the 
force of gravity was then added, and afterward a special correction de- 
rived from Whitney's table. It is stated by Whitney that the correc- 
tions assigned to the several months in his tables apply more especially 
to the middle days, and may be modified when the observations are made 
near either end. In these computations the tabulated values were ap- 
plied without modification to the middle day only, and for the remaining 
days values were interpolated by the aid of the tabulated corrections 
fbr October and December, the preceding and following months. 

After the completion of the calculations the error of each determina- 
tion was deduced by subtracting from it the corresponding difference 
in altitude as determined by spirit level; and these errors have been 
tabulated for publication. In Table XIY the three columns of errors 
pertain in order to the determinations by Whitney's method with Sum- 
mit as a base, by Whitney's method with Sacramento as a base, and by 
the new method. The plus sign indicates in each case that the corre- 
sponding determination made Oolfisbx too high; the minus sign, too low. 

In this series the average error by the new method is notably less 
than by either application of Whitney's. 

in. The second edition of Whitney's treatise contains a series of 
practical examples illustrating the application of his tables and the ad- 
vantage thereby accruing. Each illustration consists of a series of in- 
dependent determinations of the altitude of a point visited by the field 
parties of the Galifomian Survey in 1870 or 1871. The computations 
were made first without the use of the tables and afterward with them, 
and each series of results was compared with its own mean for the pur- 
pose of ascertaining the harmony of its individual components among 
themselves. The publication does not include the data of observation, 
but Professor Whitney has kindly permitted me to copy a portion of 
them, and I have thus been enabled to repeat by the new method some 
of the computations. My work covers only six of his twenty-four ex- 
amples, but serves sufficiently well the purpose of comparison. 

The barometric data and the several hypsometric results, with tbeir 
etrors, are exhibited in Table XY. The first two columns following 
the dates give for each locality the barometric readings (reduced to 
32^ F.) at the two points used as base stations in the new computations, 

* ''Practical Tables in Meteorology and HypBometry, being the Appendix to the 
Paper on the Use of the Barometer/' p. 111. 
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Table XIV. 



Deternunations of Altitade of Colfax, Cal., from Single Obser nations made in NoYom- 
ber, 1870. Comparison of Errors by Different Methods of Computation. 



Day. 



8 

4 
6 



8 



10 
U 

12 

18 

14 

16 

16 



Hour. 



7a.in. 
2p.m 
9p.m 
7 a.m. 
2p.in 
9p.m 
7a. m 
2p.m 
9p.m 
2p.m 
Op.m 
7a. m 
2p.m 
9p.m 
7a. m 
2p.m 
9p.m 
7a. m 
2p.m 
9p.m 
7a.m 
2p.m 
9p.m 
7a. m 
2p.m 
9p.m 
7a. m 
9p.in 
7a. m 
2p.m 
9p.m 
7a. m 
2p.m 
9pm 
7 a.m 
2p.m 
9p.m 
7a.m 
2p. m 
9p.m 
7a.m 
2p.m 
9p.m 
7a.m 
2p.m 



By Whitney's 
Method, £he 
baae Btation 
being- 



Bam- 
mit. 



FmL 

+ 57 

+ 1 
+ 6 

~ 4 

+ 6 

— 91 

— 60 

— IS 

— 12 

— 49 

— 96 

— 99 

— 93 

— 87 

— 106 

+ « 

— 164 

— 161 
+ 6 

— 103 

+ 17 

— 6 

— 29 

— 101 

— 9 

— 67 
+ 102 

+ 8 

— 88 

+ 82 

— 4 
+ 19 
+ 81 
+ 42 
+ 61 
+ U6 
+ 162 
+ 236 
+ 199 
+ 96 
+ 61 

+ *1 
+ 39 

+ » 



Sacia- 
menta 



Feet. 

+ 18 

+ 68 

+ 41 

+ 72 

+ 78 

+ « 

+ 27 

+ 18 

+ 88 

+ 83 

+ 47 

+ 66 

+ 26 



+ 
+ 

+ 



61 

61 

8 



68 

1 
80 



+ 13 

+ 
+ 
+ 
+ 29 
— 9 
+ 61 
+ 24 
+ 18 
47 
8 



+ 
+ 

4- 
+ 
+ 
+ 
+ 



4 

40 



87 ! 

28 

60 



+ 61 

+ 12 

+ 24 ; 

+ 76 

+ 140 

+ 90 

- 4 

- 14 
+ 26 
+ 18 

- 86 
+ 60 




F9tL 
+ 86 

+ 16 

+ 16 

+ 29 

+ 87 

- 6 

+ 4 

- 4 

+ 8 

- 18 

- 18 



- 28 

- 8 

- 17 

- 28 

- 60 

- 21 

- 16 

- 29 
6 

13 
88 

- 8 

- 16 

+ » 
+ 88 

+ 12 

+ 14 
+ 85 

+ 28 

+ 82 

+ 86 

+ 48 

+ 60 

+ 53 

+ 114 

+ 204 

+ 118 

+ 86 

+ 28 

+ 81 

+ 18 

+ 2 

+ 27 



+ 
+ 



Bay. 



16 
17 

18 



19 



90 



21 



22 



23 



24 



26 



26 



27 



28 



29 



30 



Hour. 



9p.m 
2p.m 
9p.m 
7a.m 
2p.m 
9p.m 
7a.m 
9p.m 
7a.m 
2p.m 
9p.m 
7a.m 
2p.m 
9p.m 
7a.m 
2p.m 
9p.m 
7a.m 
2p.m 
9p.m 
7a.m 
2p.m 
9p.m 
7a.m 
2p.m 
9p.m 
7a.m 
2p.m 
9p. m 
7a.m 
2p.m 
9p.m 
7a.m 
2pm 
9p.m 
7a.m 
2p.m 
9p.m 
7a.m 
2p.m 
9pm 

Mean 
Bange 



By Whitnev*a 
Method, the 
base station 
beings 



Sum- 
mit. 



FmL 

+ 40 

+ 28 

+ 60 

— 1 

+ 66 

+ 121 

+ 85 

+ 61 

+ 4 

+ 66 

+ 59 

+ 49 



+ 



85 
67 
92 



+ 30 

+ 21 

+ 48 

— 14 
+ 25 
+ 13 

— 11 
+ 84 
+ 17 
+ 82 

— .52 

— 134 

— 36 

— 106 

— 89 
+ 32 

— 23 
+ 20 

+ 11 

— 68 

— 106 
+ 40 

— 97 

— 107 



— 10 



65.9 
402 



menta 



FmL 
+ 8 
+ 89 



— 9 

— 24 
+ 18 
+ 13 
+ 20 


+ 18 

— 4 

— 32 
+ 61 
+ 8 

— 40 
+ 88 

— 68 

— 21 

— 85 

+ « 


+ 22 

+ 7 

+ 8 

+ 81 
+ 12 

+ 17 
+ 37 

+ 87 

+ 69 

+ 61 

+ 22 

+ 10 

+ 35 

+ 49 

+ 48 

— 71 
+ 10 
+ 88 
+ 15 
+ 48 



38.2 



.w 






FteL 
+ 17 

+ 29 

+ 28 

+ 15 

— 2 
+ 40 
+ 69 
+ 81 

+ 14 
+ 19 
+ 18 
+ 16 
+ 46 
+ 87 
+ 81 
+ 34 

— 22 
+ 24 
+ 60 

+ 11 
+ 16 

+ 8 
+ 8 
+ 21 
+ 68 

— 7 

— 21 

— 9 
+ 8 
+ 28 
+ 20 

— 16 
+ 14 
+ 8 
+ 7 

— 4 

— 48 

— 82 

— 17 
+ 7 
+ 22 



26.9 
264 
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Tablk XV. 

Altitude Determinatiom in California, from Obaervations by the Geological fiurvey 

of California in 1870. 

1.<-ALTITITDB OF GOLD BTTN ABOVE COLFAX. 



Day. 



Oct 7 

8 
9 

10 

11 

12 

18 



Hour. 



7a.m... 
2p. m... 
0p.m... 
7a. m... 
2p.m... 
0p.m... 
7a.m... 
2 p.m... 
7a.m... 
8.80 p. m 
8 p.m... 
7a.m... 
2p.m... 
p.m... 
7a.m... 
2p.m... 
p.m... 



ICean. 
Baage. 



Barometer Reading. 



Simunit. 



Jnehu. 

28.883 
.410 
.418 
.400 
.811 
.251 
.245 
.227 
.267 
.262 
.816 
.846 
.864 
.886 
.424 
.888 
.806 



Colfax. Gold Ron. 



Jnehti, 
27.404 
.487 
.490 
.520 
.841 
.840 
.870 
.871 
.445 
.458 
.460 
.488 
.483 
.512 
.556 
.514 
.628 



Iruihsi, 
26.765 
.745 
.764 
.775 
.507 
.611 
.681 
.624 
.600 
.600 
.725 
.786 
.740 
.768 
.805 
.768 
.781 



Altitude by- 



Whitney. 



Feet. 

804.2 

814.8 

802.5 

812.6 

820.5 

804.3 

807.0 

818.0 

812.8 

810.7 

792.7 

816.1 

812.7 

SOL 4 

706.7 

800.6 

808.0 



800.5 



New 
Method. 



FM, 
767.5 
788.7 
780.8 
784.5 
800.1 
772.0 
774.6 
770.8 
778.0 
70L0 
766.8 
785.1 
780.2 
770.0 
786.5 
78L0 
77ai 



78L5 



Residual by- 



Whitney. 



FmL 

— 6.8 
+ 4.8 

— 7.0 
+ 8.1 
+11.0 

— 5.2 

— L6 
+ 4.4 
+ 2.8 
+10.2 
— 1&8 
+ 6.6 
t- 8.2 

— 8.1 
—12.8 
+ 0.1 

— 5.6 



6.4 

27.8 



New 
Method. 



FmL 
—14.0 
+ 7.2 

— L2 
+ 8.0 
+18. 6 

— 0.5 

— 6.0 

— L7 

— 2.6 

+ «.5 
—14.7 
+ 8.6 
+ 7.7 

— 1.6 
+ 5.0 
+ 0.4 

— 8.4 



6.5 
83.8 



2.— ALTITUDB OF YOU BBT ABOYB COLFAX. 



Day. * 



Nov. 10 
11 



12 
16 



17 
18 
20 



21 



22 

23 

Dec. 8 



12 



Hour. 



p. m 

7a. m.... 
1.45 p. m 
7.25 p. m 

7a. m 

2 p. m 

Op.m — 
lp.m — 
2p.m — 
7a. m.... 
2p.m .. 
Op.m — 
7.80 a. m 
2 p. m. . . 
Op.m... 
7a. m... 
7 a. m... 
2p.m... 
0p.m... 
7a.m... 
7a.m... 
7p.m... 



Mean . 
Range 



Barometer Reading. 



Summit. 



Inehet. 

28.828 
.318 
.326 
.323 
.200 
.374 
.416 
.474 
.501 
.473 
.513 
.536 
.655 
.534 
.542 
.516 
.434 
.246 
.293 
.829 
.148 
.171 



Colfitx. 



Inehet. 

27.041 
.639 
.601 
.580 
.570 
.576 
.611 
.673 
.780 
.781 
.708 
.734 
.706 
.720 
.707 
.601 
.652 
.738 
.720 
.660 
.512 
.568 



You Bet 



Inehss. 

27.080 
.086 
.053 
.041 

26.007 

27.046 
.005 
.148 
.260 
.188 
.187 
.211 
.263 
.187 
.186 
.170 
.125 
.160 
.165 
.100 

26.954 
.985 



Altitude by— 



^WhiiJiej, Me^^ 



FmL 
585.8 
564.5 
572.6 
568.3 
597.9 
562.2 
540.6 
552.8 
550.8 
657.6 
544.5 
542.8 
540.3 
567.0 
540.6 
530.0 
540.0 
563.2 
564.0 
553.1 
657.0 
55L7 



55&1 



Feet 

558.2 
550.2 
560.8 
553.0 
577.1 
543.3 
520.7 
538.7 
542.7 
540.0 
585.5 
586.0 
54L3 
548.7 
640.3 
537.0 
53&2 
543 8 
545.3 
546.4 
548.0 
556.5 



546.0 



Residual by- 



Whitney. 



Ftet. 

+27.2 
+ 6.4 
+14.4 
+10.2 
+80.8 

+ 4.1 
—17.5 

— 5.8 

— 7.8 

— 0.5 
—18.6 
—16.8 

— 8.8 

— 0.2 
—17.5 
—18.2 

— 8.2 
+ 6.1 
+ 6.0 

— 6.0 

— 0.2 

— 6.4 



10.8 
58.0 



Kew 
Method. 



F«€L 
+12.2 
+ 4.2 
+ 4.8 
+ 7.0 
+3L1 

— 2.7 
—16.8 

— 7.8 

— 3.3 
+ 3.0 
—10.6 

— 0.1 

— 4.7 
+ 2.7 

— 5.7 

— ai 

— 7.8 

— 2.7 

— 0.7 

+ a4 

+ 2.0 
+10.5 



7.2 
47.4 
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Table Xy--Oontiiiaed. 

8.— DISTAKCB OF CAMP BBLOW COLFAX 



Day. 



Sept. 21 
22 
28 

24 



25 
26 



Hour. 



dp. m. 
7a. m. 
7 a.m. 
2 p.m. 
9p.m 
7 a.m. 
2 p.m. 
9p.m. 
7a.m. 
7 a.m. 
p.m. 



Barometer Beading. 



Summit. 


Colfluc. 


Inches. 


Inehei, 


23.807 


27.486 


.868 


.471 


.277 


.462 


.200 


.446 


.208 


.466 


.320 


.618 


.208 


.481 


.887 


.488 


.860 


.626 


.816 


.474 


.826 


.408 



CampO. 



Inehst. 

28.882 
.864 
.807 
.860 
.871 
.046 
.864 



Altltade by— 



Wbilney. 



.040 
.800 
.026 



Mean. 
Bango 



1« 860.6 
1,86L4 
1.412.7 
1,897.2 
1,88L0 
1,884.6 
1,868.6 
1,882.8 
1,88L6 
1,870.2 
1,407.7 



1,88&0 



Nev 
Method. 



F8$L 
1,806 
1.406 
1,445 
1,406 
1,408 
1,426 
1,872 
1,416 
1,416 
1.402 
1,486 



1,411.6 



Beaidnal by— 



Whitney. 



Feet 

— 1&4 
— 2L6 
+20.7 
+14.2 

— 1.1 
+ L6 
—10.4 

— 0.7 

— L4 
—12.8 
+24.7 



12.8 
6L8 



New 
Method. 



—14 

— 6 
+«8 

— 6 

— 4 
+18 



+ 8 
+ 4 
—10 

+28 



14.21 
78 



4.— ALTITUDB OF LAKEPOBT ABOVB SACBAMBKTO. 



Day. 



Oct 10 



20 



21 



22 



23 



24 



26 



26 



27 



Hour. 



7a.m. 
2p.m. 
p.m. 
7 a. m. 
2 p.m. 
0p.m. 
2 p.m. 
p.m. 
7a. m. 
2 p.m. 
7a. m. 
2 p.m. 
p.m. 
7 a.m. 
2 p.m. 
0p.m. 
7a. m. 
2 p.m. 
0p.m. 
7 a.m. 
2 p.m. 
0p.m. 
7 a.m. 
2 p.m. 
0p.m. 



Mean. 
Bange 



Barometer Beading. 



Col&x. 



InchM, 
27.736 



.681 
.686 
.671 
.542 
.400 
.865 
.811 
.803 
.207 
.281 
.246 
.246 
.278 
.280 



.844 
.868 
.225 
.812 
.806 
.608 
.567 
.686 



Saora- 
mento. 



InehM. 

80.212 
.140 
.121 
.115 

.oa 

20.087 
.006 
.871 
.884 
.847 
.825 
.882 
.818 
.706 
.860 
.016 
.006 
.870 



.781 
.860 
80.010 
.078 
.167 
.172 



Lakeport 



Inehst, 
2&840 

.760 

.700 

.758 

.646 

.641 

.488 

.467 

.432 

.380 

.384 

.426 

.424 ! 

.424 

.806 

.467 

.476 

.415 

.474 

.388 

.480 

.552 

.684 

.685 

.786 



Altltade by— 



Whitney. MeUiTd. 



Feet 

1,260.7 

1,823.2 

1,250.7 

1.250.7 

1.330.1 

1,260.1 

1,856.7 

1,342.1 

1,880.7 

1,855.1 

1,357.0 

1,802.7 

1,307.8 

1,287.2 

1,382.6 

1.867.0 

1,337.4 

1,370.8 

1,846.4 

1,820.6 

1,824.5 

1,857.7 

1,805.4 

1,875.6 

1,200.0 



1,825.6 



Feet. 
1,806 
1,301 
1,278 
1,280 
1,834 
1.208 
1,340 
1.821 
1,808 
1,852 
1,346 
1.208 
1.274 
1,268 
1,338 
1,203 
1,880 
1,862 
1,817 
1,818 
1,822 
1,832 
1,276 
1,345 
1,287 



1,818 



Beaidnal by— 


Whitney. 


New 
Method. 


FeeL 


I^et. 


-56.8 


— 7 


— 2.8 


—12 


-74.8 
—65.8 


-86 
—24 


+13.6 


+21 


-66.4 


-16 


+30.2 


+27 


+16.6 


+ 8 


+14.2 


— 4 


+20.6 


+80 


+31.5 


+82 


-22.8 


—15 


-ia2 


—80 


-88.8 


-46 


+57.1 


+25 


+41.5 


-20 


+11.0 


+17 


+45.3 


+40 


+20.0 


+ 4 


-4.0 


+ 6 


— 1.0 


+ 


+82.2 


+10 


-20.1 


—87 


+60.1 


+82 


-84.6 


-86 


8L6 


22.6 


18L0 


04 
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Tablb XY-Oontinaed. 
6.— DISIANCB OF GBYSBR SPBINGS BELOW COLFAX. 



Day. 


Hour. 


Barometer Beading. 


Altltade by- 


Beelduai by— 


Bummit. 


Col&x. 


G^eyier 
SpiingB. 


Whitney. 


New 
Method. 


Whitney. 


New 
Method. 


Sept 15 
16 
17 


9p.m 

7 ft. m 


Inehet. 

28.215 
.216 
.226 
.277 


Inehm. 

27.808 
.480 
.444 

.497 


Inehei, 

2&888 

.480 

.487 

.452 


Fmt. 
083.0 
085.7 
070.7 
084.1 


F$tL 
1.004.8 
l,004w6 

988.0 

i,ooa5 


Fut, 
+ 0.6 
+ 2.8 
—12.7 

+ a7 


Fut. 
+ 5.0 
+ 5.8 
-1L8 

+ 1.2 


7 a. m 


9.m 


» ^■a■•••••••••••• 


ICea 


a 




868.4 


000.8 


6.8 
22.8 


5.7 
16.6 




ra 




^v •■••••.••••• ■■••• 









6^DISTAKCB OF LOKO YALLBT BBLOW COLFAX. 



Day. 



Not. 8 


7a. m 




2p.m 





2p.m 




Op.m 


18 


7a. m 




2p.m 




Op.m 



Hour. 



Barameter Beading. 



Collks. 



27.662 
.622 
.461 
.512 
.586 
.540 
.517 



mento. 



Inehet. 

80.246 
.160 
.024 
.078 
.070 
.068 
.084 



Long 
Valley. 



Indut. 
28.788 

.717 
.580 
.670 
.684 
.614 



Bange 



AUitade by- 



Whitney. 



F9$t 

1,062.0 
1,034.0 
1,022.6 
1,106.0 
1,00L0 
1,064.0 
1,108.7 



l,068wl 



New 
Method. 



Fut 

1,060 
1,057 
1.033 
1,115 
1,107 
1,048 
1,004 



1,074.7 



Beoidnal by- 



Whitney. 



Feet 
— 5.2 

-84.1 
—45.5 

+8a8 

+28.8 
—18.2 
+85.6 



28.0 
84.8 



New 
Method. 



Feet 
— 6 
—18 
—42 
+40 
+82 
—27 
+10 



26.8 
82.0 



and the next gives the readings at the new station. The base station 
employed by Whitney is in each case a base station of the new method, 
and its locality is indicated by the title of the sub-table. The next 
two columns contain the altitudes determined by the two computa- 
tions, and the final columns give the variations of the individual results 
from the means of their series. In the case of these six localities the 
barometric measurements are not checked by leveling, so that the only 
test of the methods is derived firom the relative concordance of their 
results. Each determination was compared with the mean of its series 
and the difference was entered in the column of residuals. 

The reader who compares this table with the corresponding tables on 
pages 99 to 109 of Whitney's treatise (second edition), will note certain 
discrepancies which need to be explained. It happened in several in- 
stances that the computations could not be made by the new method for 
certain hours for which Whitney had made them, by reason of the lack 
of observations at the second base station. Moreover, the writer was led 
by the internal evidence of the record to discard as erroneous certain 
observations at Oolfax which had been retained in the earlier computa- 
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tions.* In each case the corresponding determinations by Whitney were 
omitted from the comparison. The changes wrought by these omissions 
were not prejudicial to his method^ but on the contrary rendered his re- 
sults more harmonious. 

Four of the illustrative new stations are intermediate in altitude be- 
tween the base stations to which they are referred ; two, Gamp 9 and 
Oeyser Springs, are not. Four localities afford better results to the new 
method than to the old; two, Gamp 9 and Gold Bun, afford poorer. 
Upon the average, the residuals by the new method are 10 per cent 
smaller than by the old. 

In Table XYI the results of the several comparisons are summarized. 
The second column indicates the points used as base stations in the sev- 
eral computations by Whitney's method, the indicated point being, in 
each case, one of the pair of bases employed in the corresponding com- 
putations by the new method. The second column shows the number 
of independent results compared. The fourth and fifth give for the two 
methods the average errors or residuals of ihe individual determinations. 
Where Golfax was the new station, each determination was compared 
with a result determined by spirit level, but in the other cases the stand- 
ards were merely the means of individual determinations. The numbers 
in the last column were obtained by dividing those in the fifth by those in 
the fourth, and are the ratios of the errors incurred by the new method to 
the errors incurred by Whitney's. The footings show that in four hundred 
independent comparisons, falling into ten separate series, distinguished 
by locality or other conditions, the average error by the new method is 86 
per cent of the average error by Whitney's method. Of the ten series, 
three exhibit ratios favorable to Whitney's method, and the remainder 
favor the new method. On the whole, the comparisons award the pref- 
erence to the new method, but the preponderance is not great. 

* The observer at Colfax, in September, 1870, appears to have been addicted to a mis- 
take in the reading of the scale, which is frequently made by inexperienced barometric 
observers, and which produces an error in the record amounting to either the tenth or 
the twentieth of an inch. Pencil memoranda on the pages of the records loaned to me 
indicated that some mistakes of this sort had already been detected, but others were 
not marked. If the purpose of the computations had been the determination of the alti- 
tude merely, it would have been proper to assign the probable correction to those readings 
and use them, but for the actual purpose rejection seemed the only legitimate course. 

Whitney states that while the minority of his tests exhibit a gain by the use of his 
tables, there are a few which show a loss. Two of these adverse examples he pub- 
lishes (p. 109), and one of them — ^the determination of Geyser Springs — involves, as I 
believe, two errors by the Golfax observer. If the bad observations be rejected, or if 
they be assigned the highly probable correction of — 0.05 inch, the unfavorable ex- 
ample is converted into a favorable one. 

The writer has been accustomed for several years, in the supervision of barometric 
work, to employ a check which effectually eliminates errors of this class. The portable 
barometer of Green, the instrument used by all American surveys, has two verniers, in- 
separably attached to each other but moving over different parts of the scale. The upper 
one is used at low altitudes, the lower at high. The check is obtained by requiring the 
observer, after ac^usting the proper vernier to the surface of the mercury, to read and 
record both yemiers. The difference between the two readings is for each instrument 
a constant quantity, and each reading therefore checks the accuracy of the other. 
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Table XVI. 

Summary of Errois of Altitude Detenninations by Whitney's Method and by the New 

Method; derived fh)m Tables XII, XIY, and XY. 



New Station and Charaoter of Data. 



CoUkc; triple means for twenty-four monthe. . . 
Colikz ; triple means for twenty-four months. . . 
ColiSuc ; single observations in Noyember, 1870. 
CoUftx ; single observations in November, 1870. 

Gold Run; single observations 

You Bet; single observations 

Gamp 9; single observations 

Lakeport ; single observations 

Gtoyser Springs ; single observations 

Long Valley ; single observations 



Whitney's Base 
Station. 



Num- 
ber of 
Results 



Total. 



Sacramento. 

Summit 

Sacramento . 

Summit 

Colfax 

...do 

..do 

Sacramento. 

Colfax 

...do 



72 
72 
86 
80 
17 
22 
11 
26 
4 
7 



402 




The compatations were made and the tables were prepared for the 
purpose of comparing the variations in the results obtained by the two 
systems, these variations affording the best practicable measure of 
their relative precision. They serve another purpose, however, for 
they aLso show the relations between the mean altitudes determined by 
the two methods. In the determinations of Colfax the^ are no discrep- 
ancies, for these are based upon the very observations which served, 
on the one hand, to construct Whitney's table of corrections, and, on the 
other, to determine the constant Af the new formula, and the application 
of the corrections and the formula could not fail to give average results 
in harmony with the original data and with each other; but when the 
methods are applied to other points, their determinations are foimd to 
exhibit constant differences. The altitudes given in Table XY are in 
each case differences in level between the indicated new station and 
the indicated base, the new station being in some cases higher than the 
base, and in other cases lower. In three of the six instances the mean 
difference in level determined by the new method is greater than the 
corresponding determination by the old, and in the remaining three it 
is less. If, however, we compare the altitudes of the new stations when 
referred to the sea level, or to any other uniform standard, we find 
that the divergence between the two series of results is always, in the 
same direction. 

This fact is exhibited in Table XYII, where each new station is re- 
ferred to Oolfax, the plus sign indicating that it is higher than Colfax, 
the minus sign that it is lower. The stations are arranged on the page 
in the order of their altitudes,— firom Gold Bun, 800 feet above Colfax, 
to Camp 9, 1,400 feet below. The figures in the right-hand column were 
obtained by subtracting the altitudes given by the new method from 
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the corresponding altitudes obtained by Whitney, and show that in 
every case Whitney's method gives a higher determination to the new 
station than does the new. In the absence of determinations of the 
several points by level, it is impossible to lay the discrepancy to the 
faolt of one method rather than the other, and the conditions of the 
compatations, which were somewhat varied, throw no light upon the 
subject. 

Table XVII. 
Comparison of Califomian Altitades, compated by Whitney and by the New Method. 



New Station. 


Base SUtions. 


Whitney. 


New Method. 


Gk>ld San 


Colfltt 

. . ..do 


GoUkz and Summit 

do 


You Bet 


GeTier SDrinin . • . 


. . ..do 


do 


Xiong Vftlley 


.... do ....... 


Sacramento and Col&x — 
do 


Lakeport 

Camp9 


Sucramento . 
ColftiT 


Colfkx and Sommit 



Month. 


Altitad 
CoU 

Whit- 
ney 
(I>. 


a above 

Dax. 

New 
(ID. 


(I) 

minna 

(H). 


October 

November . . 
September . 
NoTember . . 
October. . . . 
September.. 


FtA, 
+ 809 

-f 558 

- 983 

-1,068 

-1,074 

-1.383 


FuL 

+ 781 

+ 546 
- 999 

-1,075 

-1,086 

-1,412 


+28 
+12 
+16 

+ 7 
+12 
+29 



The observations were made in three different months of the year 1870. 
In Whitney's computations Colfax was used as the base station in five 
cases and Sacramento in one : in three cases the new station was higher 
than the base, and in the remaining three it was lower. In the compu- 
tations by the new method Oolfax and Summit were the bases for four 
localities, and Sacramento and Colfax for the remaining two : in four 
cases the new station was intermediate in altitude between the bases; 
in the remaining two it fell below the lower base. The divergence of 
result is thus shown to be independent of the time of year and of the 
selection of base stations, retaining its character whether the base sta- 
tion for the old method lay above or below the new station, and whether 
the base stations for the new method included or excluded the new 
station. 

It is not easy to see how a constant error, such as is here indicated, 
could be introduced by either hypsometric method. The corrections by 
each system are determined empirically from observations made in the 
very region where they are applied. Any change which might be made 
in the constant of the new formula would increase the discrepancies in 
some cases and diminish them in others, and no possible value could be 
assigned to it which would produce harmony in the results. The only 
competent explanation which occurs to the writer is a priori highly im- 
probable. If the determination by the railroad surveyors of the vertical 
interspaces between the stations at Sacramento, Colfax, and Summit 
is grossly in error, and in such way that the estimated altitude of 
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Oolfax is relatively 25 or 60 feet too low, the effect upon Whitney's 
determinations and those made by the new method would be such as to 
produce a divergence between them of the character and amoant ob- 
served. It would be rash, however, to impugn the accuracy of the 
engineering work upon such grounds. 

If all the altitudes published by Whitney were redetermined by the 
new method, it is quite possible that a satisfactory explanation would 
be reached; but lack of time forbids the pursuit of the subject, at least 
for the present. 

Another relation of the two series of determinations is worthy of 
note, viz., their parallelism. An inspection of Tables XIV and XV, 
which exhibit the determinations from single sets of observations, shows 
that an exceptionally great error by one method usually corresponds 
to an exceptionally great error in the same direction by the other. In 
the former table there are 123 instances in which the errors incurred by 
the two methods have the same sign, and only 47 in which their signs 
are different. In the latter table the signs show 73 correspondences 
and only 18 discrepancies. The same relation appears when the series 
of results are plotted in the form of curves. In the case of each station 
the curves representing the errors by the two methods approach more 
nearly to parallelism than either of them approaches to coincidence 
with its mean line. 

This relation does not hold good with the results contained in Table 
Xn, which are based on monthly means ; the correspondences of sign 
barely exceed in number the differences. 

The proper interpretation of these peculiarities appears to be, first, that 
the devices employed in the two computations to eliminate error have 
been ef&cacious in the case of the same classes of error, and have agreed 
likewise as to the errors they have failed to reach; and, second, that 
the latter class of errors are partially eliminated by the use of monthly 
means. When we take into consideration the nature of the various 
possible sources of error, and the character of the corrective exx)edients 
employed by the two methods, it becomes evident that the chief error they 
both fail to eliminate from the determinations from single sets of obser- 
vations is that of non-periodic gradient, and that the error with which 
they most saccessfuUy cope is the one arising from the diurnal variation 
of the density of air, due chiefly to temperature. The actual difference 
between the degrees of accuracy attained by the two methods may be 
taken, therefore, with some degree of confidence, to represent the dif- 
ference in their success in eliminating eiTors due to temperature, and we 
are permitted to assume that the small residual temperature errors are 
masked in these results by the concurrent gradient errors. If the com- 
parison could be repeated under such conditions that errors of gradient 
would not largely enter, it is probable that the slight actual advantage 
shown by the new method would be found to assume a relatively great 
importance. 
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COMPARISON WITH PLANTAMOUR'S METHOD. 

Plantanioai's hypsometric method resembles Whitney's in that it in- 
clndes a table of corrections based upon a long series of observations ; 
but the corrections are applied to the temi>erature observations and not 
to the altitades, and there are other and important differences. The 
groundwork of his tables consists of eighteen years' continuous meteor- 
ologic observations at Geneva and the Oreat St Bernard — a series of 
observations which his discussions have rendered classic, and which 
have made the most notable contributions alike to hypsometry and to 
meteorology. The Geneva Observatory is situated in a valley at the 
base of the Alps, and the Inn of St. Bernard stands high up in the mount- 
ains, with a great spur of Mont Blanc between. Their horizontal dis- 
ance is 55 miles; their difference in altitude 2,070.3 meters, or about 
6,792 feet. 

For different months of the year and hours of the day Professor 
Plantamour computed the height of St. Bernard above Geneva fix>m the 
means of the eighteen years' observations, making use not only of the 
barometric determinations of pressure and the thermometric determina- 
tions of temperature but also of the psychrometric determinations of hu- 
midity. He then compared each of these results with the actual altitude 
as determined by spirit level, and deduced from the comparison the cor- 
rection necessary to be applied to the sum of the observed temperatures 
in order to eliminate the error. These corrections he embodied in a 
table which appears in the second part of Volume XYI of the Memoirs 
of the Geneva Society of Physics and Katural History. The table does 
not cover the entire year, but only the warmer months and the daylight 
hoars, to which observations for the determination of altitude are usually 
restricted in the Alps. In the same place he describes his method of 
applying it, and publishes an extended series of illustrative examples, 
in each of which the new station was within or near the Alps, and either 
Geneva or St. Bernard was used as the base station. A separate com- 
putation was made for each observation at each new station, and the 
data and results are given in full, so that his method is completely 
ei'.emplified. His procedure with each group of synchronous observa- 
tions was as follows: 

The barometer reading at the new station was first compared with 
the reading at Geneva, and an approximate difference of altitude was de- 
duced in the usual manner. To this approximate altitude corrections 
for temperature, moisture, and gravitation were applied in the cus- 
tomary way, except that corrected temperatures at the two stations 
were substituted for the observed temperatures. The manner of cor- 
recting the temperatures was peculiar and needs to be given in detail. 
Since dense air acquires heat from the ground more rapidly than rare air, 
he ascribed a greater local variation to temperature at Geneva than at 
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St. Bernard; and assigned it a larger measore of correction. The tabu- 
lated correction is a correction to the sum of the two temperatures, 
and two-thirds of this correction was assigned to the Geneva temperature, 
leaving the remaining third to be applied to that observed at St. Bernard. 
Correspondingly, the temperature observed at the new station was 
increased or diminished by two-thirds of the tabulated correction if the 
station lay in the vicinity of Geneva, and by one-third of the tabulated 
correction if its altitude was nearly the same as that of St. Bernard. 
If its position was midway it received the half of the total correction, 
• and if it had an altitude greatly in excess of that of St. Bernard the 
correction applied was less than one-third, or even in some cases 
nothiug. 

The difference in altitude of the new station and Geneva having been 
thus computed, a similar computation was made of the difference in 
altitude of the new station and St. Bernard, and in the final result these 
two determinations were given weights according to the vertical posi- 
tion of the new station, the determination by means of the nearer base 
station being considered the more trustworthy. 

Where two or more observations were made at any new station, care 
was taken to assign to the result from each one a weight dependent 
upon the atmospheric conditions at the time the observation was made. 
For this purpose a computation of the altitude of St. Bernard above 
Geneva was made from the observations at the same hour, and from 
this was deduced the amount of change which would need to be made 
in the sum of the observed temperatures at these places in order to 
correct the error of the determined altitude. This temperature cor- 
rection was then compared with the temperature correction of the table 
for the hour and month, and consideration was given to the force and 
direction of the wind and to the cloudiness or clearness of the sky. 
Since the tabulated correction was derived from the mean of many 
days, or from the average day, it must evidently be inapplicable to 
days which differ from the average standard. For clear and still days 
it is too small; for cloudy or very windy days it is too large; and an 
inspection of the recorded weather at the time of observation enables 
the computer to judge whether the temperature correction necessary to 
deduce the true altitude differs from the tabulated correction in a way 
that can be accounted for by the local conditions of sky and wind. 
If it can be so accounted for, there is presumptive evidence that the gen- 
eral condition of the air column between Geneva and St. Bernard is one 
of equilibrium, and that the altitude of the new station deduced at that 
time is entitled to receive a large weight. If it cannot be thus accounted 
for, then a gradient must be supposed to exist between those points, and 
the deduced altitude of the new station has less value. In assigning it a 
weight, Plantamour gave consideration, first, to the amount of gradient 
as indicated by the temperature corrections, and, second, to the geo- 

31 a A 
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graphic position of the station with reference to the two bases, — a mat- 
ter in which the judgment of the computer was brought into play, and 
to which a knowledge of the geography and climate of the country was 
an important adjunct. 

It will be seen that this barometric system is absolutely dependent 
upon a long preliminary series of observations at the pair of stations 
to be afterward used as bases. It is as strictly a local system as Pro- 
fessor Whitney's, and while in the skillful hands of Plantamour it un- 
doubtedly afforded results of a high degree of accuracy, it demands in 
its use the application of so much knowledge and acumen that it can 
hardly be intrusted to the ordinary computer. 

The series of examples published by Plantamour includes thirty-nine 
new stations, at some of which the barometer was read once only, but 
at most of which it was read fh)m two to twenty-two times. For the 
purpose of comparative computation, a selection was made by the writer 
of the six stations which gave opportunity for the greatest number of 
individual comparisons, and the altitudes of these stations were com- 
puted by the new method, a separate result being obtained for each 
observation. From these separate results a weighted mean for the alti- 
tude of each station was derived, the weights being determined simply 
by the wind factor. Since the winds which accompany cyclonic move- 
ments of the atmosphere are approximately proportional in force to 
the gradients with which they are associated, gradient errors are liable 
to be greater during the existence of a high wind. The horizontal dis- 
tances between the base stations and newstations under consideration are 
so great that the accuracy of the determinations is liable to be seriously 
impaired by high gradients. The winds are indicated in the record of 
observations by a notation which calls a calm and a high wind 3. In 
the deduction of the means, all the results obtained when the strongest 
wind at either station was 1 were ascribed a weight of unity. Results 
affected by a wind with the force 2 or 3 were ascribed weights of one- 
half or one-third respectively. 

In Table XYUI the first column gives the new stations and indicates 
the days and hours at which the observations were made. The second 
column shows for each hour the altitude of the station above the sea, 
expressed in meters, as deduced by the new method. The third column 
gives the remainders obtained by subtracting the weighted mean alti- 
tude for each station from the individual determinations. The fourth 
and fifth columns contain Plantamour's determinations of the same alti- 
tudes at the same hours from the two bases taken separately, Geneva 
being the base for all determinations in the fourth column and St. Ber- 
nard for all in the fifth. The numbers of the sixth and seveuth columns 
were obtained by subtracting from the numbers of the fourth aud fifth 
their respective weighted means. 
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Table XVIU. 

Altitade DetemuoatioiiB in the Alps, from Obseryationa pabliehed by Prof. E. 

PlADtamoor. (All Altitndes are referred to Sea Level. ) 



PlAoe and Time of Obser- 
vatioii. 


Altitade 
by New 
Method. 


Deyiation 

from 
Weighted 

Mmh. 


Altitude by Planta- 
monr, the Base Sta- 
tion being- 


Weighted Mean. 

_ 


Geneva. 


St Bernard. 


Oeneva. 


St Bernard. 


KVOLtSA. 

1850. 
Sept. 1—2 p. m 


M§Ur$, 
1,880.1 
1,885.0 
1, 374. 8 
l,86ai 
1,867.4 
1,87L1 
1,872.4 


Meters. 

+ a3 

+11.2 
+ 1.0 

— 7.7 

— a4 

— 2.7 

— L4 


Msten. 
1,88a 
1.40a3 
1,888.7 
1,377.2 

i,88ao 

1,382.»' 
1,870.5 


MeUrt. 
1.37a 2 
1,881.0 
1,87a 6 
1,37a 5 
1, 867. 
1.867.4 
1,37a 5 


UeUrt. 

+ia4 
+2a7 

+IL1 
— L4 
+ 6.4 
+ 4.8 

+ ao 


jr«tert. 

— a4 
+ a8 

— ao 

— ai 

—21.6 
—11.2 

— ai 


1—^ p. m 


1-^ p. m 


1—^ p. m 


2—6 a.iD 


2—8 p.in 

3—6 a. m 


Weighted Meui... 
*Rftngft 


l,87a8 


a2 
lao 


1,87a 6 


ao 

24.6 


7.4 
24.0 


■■■*"■»*' ■••-•• 






HO0PICB DB LA OBIMBBL. 
1868. 

July 81— 8 p. m 

81 — 10 p. m 


1,862.5 
1,867.0 

1,87a 8 
l,87a8 
1.88a5 
1,877.3 
l,87a3 
1,877.0 
l,87ai 


— lao 
— ai 

+ a2 

+ a7 

+ 4.4 
+ L2 

-a? 

+ 1.8 

ao 


1.860.1 
l,87a7 

l,88a5 
l,88a8 
1,882.2 

i,»n.2 

1,862.6 
1.88»4 
1.870.5 


i,86ao 

l,87a4 

l,87a2 
1,8818 
l,88a2 
1,877.6 
1,874.0 
1,880.5 
i.fiTas 


— a2 

-L6 

+ a2 
+ ao 

+ 4.5 

— ai 
+ a3 

+U.1 

+ a2 


-ao 

— ao 

+ 1-0 
+ ao 
+ ao 
+ a8 

— 14 

+ 3.1 

— ai 


1860. 

Sept 7—7 p. m 

7—8 p. m... 


7—0 p. m 


m ^. UB ........... 

8--4 a. m 


8—6 p. m 


8—8 p. m 








Weighted Uma .... 
Kange 


l,87ai 


4.0 

lao 


1.877.8 


a4 
las 


4.1 

las 








SBBRAYAL. 

1852. 
July 27— Opkin 


88a8 
88a3 

84ao 

84L0 
88a6 
82a7 
827.1 
830.2 
881.0 

88ao 

88a8 
83a4 
82a2 
882.5 
882.8 
834.0 

850.8 
844.0 
842.8 


— ao 

— L6 

+ 8.1 

+ ao 

— ao 
— ia2 

— a8 

— a7 

— ao 

— ao 

— ao 

— a5 

—11.7 

— 4.4 

— 4.1 

— ao 

+ia4 

+ 7.1 

+ a4 






+ 1.0 

+ 2.8 
+ 62 
+ 7.2 
+ L6 

— a7 

— a7 

— a3 

— 1.4 

— 1.8 
+ 1.4 

+ a 2 

—14.6 

— ai 

— ao 
-ao 

+ &a 

+ 2L6 
+ 1.4 




27 — ^10 p. m 






28— 7a. m 






28 — 8 a. m 






28 — 2 p. m 






2fr— 7 p. m 






28— 8 p. m 






28— 8 p. m 






28—10 p. m 






28 — 8 a. m 






20— 10 a. m 






20— 12m 

20— 6 p. m 

20— 8 p. m 














2^—10 p. m 






80— 6a.m 




i 


1868. 
Aug. 10—12 m..-r.T. ,... 






10— 2 p. m 






10_ 8i>. m 
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Tablb XYIII— €ontinaed. 



Place and Time of Observa- 
tion. 


AlUtade 
by New 
Method. 


Deviation 

from 

Weighted 

Mean. 


Altitude by Flaata- 
monr, the Base Sta- 
tion being- 


Deviation fVom 
Weighted Mean. 


Geneva. 


St Bernard. 


Oeneva. 


St Bernard. 


SERBATAi^-Continned. 
1853. 
20^ Sum 


MeUrt, 
835.6 
845.1 
847.8 


2£§Ur9. 
— 1.8 

+ a2 

+10.9 


MiUrt. 
831.3 
846.9 
846.2 


Iffterf. 


Mtterg. 
— 89 
+ 5.7 

+ ao 


Meten, 


21— 8a. m 

21 I2ni 
















Weighted Mean .... 
Ran^e 


836.9 


6l3 
25.1 


840.2 




4.9 
22.8 








AbBUfi^V .............. 










CHAMOUKIZ. 

1857. 

July 2— 8a. m 


1,039.4 
1.043.8 
1,040.2 
1,037.8 
1.036.3 
1.03ai 
1.042.3 
1.03&3 
1,042.3 
1.043.7 
1.039.0 


— 0.5 

+ a9 

+ 0.3 

— 2.1 

— ao 

— 1.8 
+ 2.4 

— a6 

+ 2.4 

+ a8 

— 0.9 


1,045.4 
1,051.6 
1,046.4 
1.041.6 
1.044.0 
1,04a 7 
l,05ai 
1,039.2 
1.039.5 
1.04ai 
1,036.8 


1,041.0 
1,040.3 
1.042.9 
1,050.8 
1,034.8 
1,029.4 
l,03a7 
l,04a2 
1,05L6 
1, 041. 6 
1,052.6 


+ L8 
+ 7.5 
+ 2.3 

— 2.6 

— 0.1 
+ 4.6 
+ 9.0 

— 4.9 

— 4.0 
+ 4.0 

— a3 


-ai 
-as 

— 1.2 

+ a7 

— 9.8 
—14.7 

— 5.4 
+ 2.1 
+ 7.4, 
-2.6 
+ 8.4 


2— 12 m 


2 — 2p. m 


2 — 4p.m 


2 — 9p. m 


8— 6a.m 


8 — 10a.m 


3 — 9p. m 


4 — 6aim 


4^ 4d. m 


" " f* *** ............ 

4 — 10 p. m 




Weighted Mean 

Ranffe 


1,039.9 


L4 
7.6 


1,044.1 


4.6 

ia8 


a9 
2ai 


"^ ft^ •••••••*• 






BOURO ST. PIBBRK. 
1856. 

July 28— 6p.m 

28— 8p.m 


1,686.2 
1,635.2 
1,635.8 
1,687.2 
1,636.8 
l,63a2 
1.635.9 
1,639.6 
1,644.9 
1,636.5 
1.640.4 
1, 642. 4 
1,633.7 
1.629.9 
1,632.0 
1,63a 3 
1,640.4 
1,64a 3 
1.64L1 
1,639.3 
1,64L9 
1,643.6 


— 2.6 

— a6 

— ao 

— L6 
-2.0 

— 0.6 
-2.9 
+ 0.8 

+ ai 

— 2.3 
+ 1.6 

+ a6 

• 

— 5.1 

— ao 

— a8 

— 0.5 
+ 1.6 
+ 4.5 
+ 2.3 
+ 0.5 
+ 3.1 
+ 4.7 


1,650.5 
1.644.5 
1,644.8 
1.644.8 
1.636.3 
1,64L8 
1,639.4 
1,64a 6 
1,66L5 
1,639.6 
1, 639. 9 
1,637.4 
1,64a 8 
1,645.6 
1,643.5 
1,634.4 
1,642.6 
1, 64a 4 
1,64a 5 
1,648.5 
1,650.3 
1,653.4 


1,635.8 
1,13a 8 
l,63a6 

i.«3af 

1,642.3 
1, 641. 
1.639.2 
1,639.4 
1,639.6 
1.644.3 

i,64ao 

1,640.5 
1,635.5 
1, 630. 6 
1,634.7 
1, 647. 
1.63a8 
1.639.6 
1,635.8 
1,640.2 
1,641.9 
1,640.8 


+10.4 
+ 4.4 
+ 4.7 
+ 4.7 

— a8 

+ 1.7 

— 0.7 

+ a5 

+21.4 

— 0.6 

— 0.2 

— 2.7 

+ a7 

+ 5.5 

+ a4 

— 5.7 
+ 2.5 

+ a3 

+ a4 
+ a4 

+10.2 

+ia3 


— 4.8 

-as 
— a6 

— 4.7 
+ 2.2 
+ 0.9 

— 0.9 

— 0.7 

— 0.5 
+ 4.2 

+ a9 

+ 0.4 

— 4.6 
-9.5 
-^5.4 

+ «.» 

— 1.8 
-0.6 

— 4.8 
+ 0.1 
+ 1.8 
+ 0.2 


29— 6a.m 


29— 10a.m 

29 — 6p.m 


29 — 8 p. m 


30 — O&m 


30— 8a.m. 


30 — 2p.m 


30 — 8p.m 


31— 0a.m 

31 — 8a.m 


Aug. 5— 6p.m 

5'^ 8p. m 


5— lOp.m 


6— 8a. m 


&— lO&m 


6— 12m 


6— 2d. m....... . ... 


7^ 6p.m 


7 — 8p.m 


8— 8a.m 




Weighted Mean 

KAnire ................ 


l,63a^ 


ai 

15.0 


1,640.1 


ai 

27.1 


2.9 

ia4 


A«MMf^V ■■*••••••• .-••■• 
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Tablb XVIII— Continaed. 



Place and Time of Obser- 
▼ation. 


AlUtnUe 
by New 
Method. 


Deyiation 

from 

Weighted 

Meun. 


Altitode by Planta- 
mour, the Base Sta- 
tion being— 


Deviation from Weight- 
ed Mean. 


Oenera. 


St. Bernard. 


Geneva. 


St Bernard. 


CANTINB DS PBOZ. 

1855. 

July 31 — 10 a.m 


MtUrt. 

1,80&1 

1,811.8 

1.800.0 

1.805.7 

1,803.5 

1,806.4 

1,799.4 

1,805.4 

1,806.9 

1,807.7 

1,806.0 


JTeterf. 
+ L9 
+ 5.5 
+ 2.8 

— 0.6 

— 2.7 
+ 0.2 

— 6.8 

— 0.8 
+ 0.7 
+ 1.6 

— 1.2 


M§Un, 
1,805.1 
1,806.4 
1,806.8 
1,801.5 
1,799.2 
1,79L8 
1,7«R2 
1,785.7 
1,809.8 
1,806.9 
1,797.8 


MsUrt. 

1,806.6 
1,810.9 
1,810.4 
1,812.2 

i.8oa9 

1.812.7 
1,808.5 
1.815.5 
1,807.9 
1, 811. 6 
1,809.6 


MeUn. 

— 3.8 

— 2.5 

— 2.6 

— 7.4 

— 9.7 
—17.6 
—20.7 
—23.2 
+ 0.4 

— 2.0 
—11.6 


MeUn. 

— 2.3 
+ 2.0 
+ 1.6 
+ 3.8 

0.0 
+ 3.8 
-0.4 
+ 6.6 

— 1.0 
+ 2.7 
+ 0.7 


81— 12 m 


31 — 2p.m 


31 — 6p.m 


31 — 8p.m 


Aug. 1— 6a.m 

1^ 8p. m 


2 — 6 a.m 


ft— 4p. m 


» . frm mM» ■.•••■...■ 

6— 6p. m 


ft— 8D.m 


w w j#.aas. .......... 


Weighted Mean 

Ranire 


l,80ft2 


2.2 
12.8 


1,806.9 


9.2 
23.6 


2.2 
&9 


••""6" •••"••■•■••" 







In this case, as in the case of Colonel Williamson's observations, there 
is no absolnte standard of comparison. The individual determinations 
of each station by the new method are compared with their own weighted 
mean, and the individual determinations of each station by Planta- 
monr's method are compared with the weighted mean deduced by him. 
It wonld be more satisfactory if it were possible to compare each deter- 
mination of altitude with an independent determination made by more 
precise methods, but as this is impossible, the only practicable criterion 
of precision is the internal harmony of each series of results. This is 
shown in the table by the lines entitled ^^Mean" and ^^Bange", where 
the average residual and the range of variation are exhibited. 

In Table XIX the mean residuals shown by the preceding table to 
appertain to the determinations of the altitudes of the several stations, 
are brought together, and with them are conjoined the approximate 
heights of the air columns comprised between the new stations and the 
two bases. In the space assigned to Plantamour's results the first col- 
umn exhibits the mean residuals of those determinations in which he 
used Geneva as a base station ; the second column exhibits the cor- 
responding means for the results obtained with the use of St. Bernard 
as a base station ; and the third column shows the mean residuals result- 
ing from the use of both stations, its numbers being the arithmetic means 
of the corresponding numbers in the first and second columns. It will 
be observed that each of the numbers of this third column is greater than 
the corresponding number of the final column, which shows the mean 
residuals by the new method, while of the eleven numbers in the pre- 
ceding two columns there are only two which are less than the cor- 
responding numbers in the column derived from the results by the new 
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metbocL fhat is to say^ in eleven sets of comparative computations^ 
two only show smaller variations by Plantamour's method. There is 
one which shows the same variation, and the remaining eight show 
greater variations. The general means at the bottom of the table give 
5.7 meters as the average residual of the entire series of Plantamour's 
results given in Table XVIII, and 3.5 meters as the average residual of 
the corresponding series of results by the new method, and it is probable 
that the ratio of 3 to 5 may fairly be taken as indicative of the relative 
precision of the two methods. 

Tablb XIX. 

Siimmary of Altitude Determinations in the Alps, showing Average Variation of 

Results. 



Kew station. 


Approximate Ver> 
ucal Space be> 
tween New Sta- 
tion and— 


Number 

of 
Beaulta. 


Mean Besidnal. 


By Plantamonr, from— 


BvNew 
Ifotliod. 


Geneva. 


St Ber- 
nard. 


Geneva. 


St Ber. 
nard. 


Geneva 

and St 

Bernard. 


KTOMIIA t r 


Meien. 
970 

1.470 

430 

630 

1,230 

1,400 


Meters. 
1.100 

600 

1,640 

1,440 

840 

670 


7 
9 
28 
11 
22 
11 


Meters. 
0.6 

6.4 

4.0 

4.6 

6.1 

0.2 


Meters. 
7.4 

4.1 


Meters. 
8.6 

4.7 


Meters. 

&2 

4.0 
5.8 
L4 
3.1 
2.2 


Hospioe de 1a GriiiiBel 

Semma 

OhmnoTinix . - , - - .. - r ...... . 


5.0 
2.0 
2.2 


6.2 
4.6 
6.7 


Boarg St Pierre 

Contiiie de Pros 


Kf«TI .... 


1,020 


1,050 




6.6 


4.5 


5.7 


8.6 







Table XX. 
Sammary of Altitude Determinations in the Alps, showing Range of Results. 





Verttoai Space be- 
tween New Sta- 


Ban^e of Variation of Gompnted Alti- 
tudes. 


tion and— 




By New 
Method. 


(Geneva. 


St. Ber- 
nard. 


Geneva. 


St Ber- 
nard. 


Geneva 
and St 
Bernard. 


Evoltaa 

Hospital de la Grimsel 


Meters. 

970 

1,470 

480 

680 

1,230 

1,400 


Meters. 

1,100 

600 

1,640 

1,440 

840 

670 


Meters. 
24.6 
10.3 
22.8 
15.8 
27.1 
23.6 


Meters. 
24.9 
15.2 


Metere. 
45.3 
20.4 


Meters, 

lao 

l&O 
25.1 
7.5 
15.0 
12.8 


Serrava] 


niianiQXlIlix 


23.1 

1&4 

8.0 


23.7 
30.9 
29.8 


Bonrg St Pierre 


Caotine de Proz 




Mean . 


1,020 


1,060 


22.2 


17.7 


80.0 


16.1 





Table XX gives a similar sammary of the indications to be derived 
Irom the range of variaMan of the several series of determinations. 
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Here again the advantage appears to be with the new method, bat less 
decidedly. Of the eleven cases of comparison there are three in which 
Plantamour's results exhibit a smaller range than their competitors, 
and eight in which their range is greater, while in the line of general 
means their ratio is approximately that of 4 to 5, the difference being in 
favor of the new method. 

Table XXI. 
Snminaryof Altitnde Determinations in the Alps: Comparison of Compnted Altitudes. 



Kew station. 



Serraval... 
Chamonnix 
BrolAna ... 
StPterre.. 

Pro* 

Grimael 



Compnted Height above Sea Level. 



By Flantamoiir, from— 



Geneva 

). 



U) 



840.2 
1,044.9 
1.887.8 
l,64S.O 
1»799.7 
1,870.2 



St Ber- 
nard 
(meen). 

(B) 



1,042.7 
1,872.1 
I,(l34w4 
1,810.4 
1.878.8 



Geneva 
and St. 
Bernard 
(weighted 
mean). 

(O) 



MtUn. 
840.2 
1.044.1 
1,878.6 
1.640.1 
1,808.0 
1,877.3 



By Hew 

Method 

(weighted 

mean). 



(D) 



836.9 
1,089.9 
1,373.8 
1,638.8 
1,806.2 
1.876.1 



Mean 



Exoew of Plantamonr'e Be- 
snlts above those by New 
Method. 



Geneva. 



(A-2» 



Meterg. 
+ 3.8 
+ 5.0 
+ 14.0 
+ 6.2 
- 0.5 
+ 8.1 



+ 4.2 



St Ber- 
nard. 



(B-D) 



MeUrt. 



-f 2.8 

- L7 

- 4.4 

+ 4.2 
+ 0.7 



-I- 0.8 



Geneva 

and St. 

Bernard. 

(O-D) 



Jf«terf. 
+ 8.3 
4-4.2 
+ 4.8 
+ L8 
+ 2.7 
+ L2 



+ 2.9 



It is instmctive to extend the comparison one step farther and place 
in juxtaposition the absolute determinations of altitude by the two 
methods. This is done in Table XXI, where for each station there 
are given, first, the mean of all Plantamour's determinations with Oe- 
neva as a base; second, the mean of all his determinations with St. 
Bernard as a base ; third, Plantamour's weighted mean deduced from 
the discussion of all his determinations from both bases } and, fourth, 
the weighted mean deduced by the new method. In three additional 
columns a series of residuals are given, which were obtained by subtract- 
ing the mean altitude by the new method from the several means ob- 
tained by Plantamour's method. From these residuals it appears, first, 
that the determinations of height by the new method correspond on the 
average with Plantamour's determinations based upon St. Bernard, while 
they are decidedly smaller as a rule than Plantamour's determinations 
with Geneva as a base; second, that in every instance the determination 
by the new method falls below Plantamour's weighted mean, the aver- 
age difference being about three meters. This latter result indicates 
some defect of a constant nature in one system or the other. If it is in 
Plantamour's, it probably lies in his somewhat arbitrary assumption that 
two-thirds of his temperature correction should be assigned to the lower 
station and one-third to the upper. If it pertains to the new method, it 
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undoubtedly inheres in the constant, the value of which has not yet been 
satisfactorily established. That value of the constant which would pro- 
duce the best accord with Plantamour's results is 330,000 feet, being 
160,000 feet less than the one provisionally adopted. 

This test and the third of the series of tests derived from Whitney's 
observations are especially valuable because they involve that variety 
of station which must always be met in the actual use of any barometric 
method. The comparisons by means of Williamson's and Whitney's 
permanent stations are in danger of being vitiated by errors of local 
origin. 

A further interest is given to the Alpine test by the fact that Planta- 
mour distinctly recognizes the principle upon which the new method is 
based, but applies it in a different way. He even goes so far as to com- 
pute for each hour of observation at the new station the difference in al- 
titude of the two base stations for the purpose of ascertaining the condi- 
tion of the intervening air column; but instead of using this information 
directly, he endeavors to apply it indirectly by investigating the tem- 
perature and gradient. He attacks the problem in detail instead of in 
its totality, and the fact that his result is comparatively unsatisfactory 
is to be ascribed to the almost limitless complexity of the factors in- 
volved, eluding the analysis even of so skillful an investigator as the 
Genevan professor. 



COMPARISONS BY MEANS OP OBSERVATIONS AT MOUNT WASHINGTON. 

It has already been stated that the preceding series of computations 
were undertaken because they afforded a means of comparing the work 
of the new method with the work of other barometric methods as ex- 
hibited by their authors and advocates. The value of the result is some- 
what impaired, however, by the fact that none of the groups of stations 
are strictly appropriate to the execution of such a test. Placerville and 
Hope Valley are 46 miles apart, Summit and Sacramento 77 miles, Ge- 
neva and St. Bernard 55 miles; and each of these distances introduces 
into the problem a large element of gradient, alike annual, perennial, 
and non-periodic. Neither the new method nor any of the three with 
which it has been compared undertakes to eliminate this gradient, and 
the presence in all the computations of a considerable error derived from 
this source cannot but have the effect of obscuring the actual accomplish- 
ment of each scheme of devices in the elimination of the errors to which 
it is theoretically adapted. Search was therefore made for a locality 
where the test might be repeated with base and new stations all com- 
prised within a small radius, so that no considerable gradients, aside from 
those with a diurnal period, could enter; and Mount Washington was 
found to answer the purpose. 

In the year 1873 the United States Signal Corps, under the direction 
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of the late Oeneral A. J. Myer, conducted a series of hourly observatious 
extending through the month of June at four stations upon the summit 
and flank of Mount Washington. The vertical space between the high- 
est and lowest stations was about 3^600 feet, and the horizontal distance 
3 miles. The observations were published in full in the Annual Report 
of the Ohief Signal Officer, and numerous accessory data pertinent to 
the purpose of the writer have been furnished him from the original 
manuscript records through the courtesy of the present chief, General 
W. B. Hazen. 

The stations are indicated by numbers, Station 1 being ux)on the sum- 
mit of the mountain, Station 4 at its base, and Stations 2 and 3 upon 
the intervening slope. The altitude of Station 1 above the ocean has 
been determined by spirit level to be 6,285.4 feet,* but the other stations 
have not been connected by leveling. By means of simultaneous baro- 
metric readings at Station 1, Station 4, and Portland, Maine, the alti- 
tude of Station 4 has been computed by the new method, and with 
Station 1 and Station 4 as bases the altitudes of the intervening sta- 
tions have been similarly computed. The relations of the four stations 
appear by the following tablet: 



Stfttlon 1. 
Station 2. 
Station 8. 



Above 2. 



770 



Above 8. 



2,855 
1,576 



Above 4. 



8,607 
2,828 
1,252 



The month of June, 1873, witnessed no notable storm, but its variety 
of weather nevertheless left room for selection; and the meteorologic 
record was carefully examined for the purpose of choosing the portion 
of it most favorable for hypsometric determinations. A period of eight 
days, beginning with the 22d and closing with the 29th, was selected as 
one of exceptional quiet, involving less wind than any similar period 
in the month, and therefore offering a series of observations com- 
paratively free from non-periodic gradients. The observations for these 
days were plotted upon section paper for convenience of scrutiny, and 
all which revealed themselves as anomalous were investigated for the 
detection of errors of observation or reduction. A number of errors 



* This is the altitude reported in connection with the record of observations. Its 
accuracy has recently been brought in question by the Signal Office, and it is possible 
that a correction to it will be made. 

tThe determinations given in the table were made at the commencement of this 
investigation ; and some of the observations on which they are based were afterward 
ascertained to be untrustworthy. They are therefore not the best which could be de- 
duced. The work was not repeated, first, because a more accurate set of determinations 
could not modify the result of the comparative test, and second, because the uncer- 
tainty affecting the altitude of the summit station rendered a satisfactory sec of deter- 
minations impracticable. 
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of both kinds were detected and corrected,* and the observations were 
then made the basis of a series of compntations for the purpose of illus- 
trating the relative precision of different hypsometric methods. 

* To any ponon who in the fatore may have occasion to use the observations pub- 
lished on pages 687 to 757 of the Annual Report of the Chief Signal Officer for 1873, 
it will be adyantageoas to note the following eorrigenda. They all apply to the 
numbers in the column headed ''Corrected barometer/' 

Page 687, Station 2, 1 a. m., for ''24.633'' read d4.731. 
Page 687, Station 2, 4 a. m., for "24.784" read 24.684. 
Page 691, Station 2, 10 p. m., for "24.571" read 24.671. 
Page 698, Station 1, 8 p. m., for "23.541" read 23.521. 
Page 705, Station 2, 4.57 p. m., for "24.500" read 24.700. 
Page 705, Station 1, 7 p. m., for "24.020" read 24.024. 
Page 707, Station 1, 7 a. m., for "24.993" read 23.99:). 
Page 711, Station 3, 3 a. m., for "28.856" read 25.856. 
Page 713, Station 2, 8 p. m., for "24.450" read 24.480 
Page 713, Station 3, 4 a. m., for "26.999" read 25.999. 
Page 713, Station 2, 6 a. m., for "24.442" read 24.542. 
Page 714, Station 1, 1 p. m., for "23.890" read 23.87b. 
Pi^e 719, Station 4, 12 m., for "27.240" read 27.249. 
Page 719, Station 4, 4.57 p. m., for "27.081" read 27.181. 
Page 734, Station 1, 12 p. m., for "23.469" read 23.489. 
Page 735, Station 4, 4 a. m., for "23.496" read 23.49a 
Page 739, Station 3,. 1 a. m., for "26.111" read 26.121. 
Page 739, Station 4, 4 a. m., for "27.367 " read 27.387. 
Page 742, Station 3, 5 a. m., for "26.183" read 26.173. 
Page 742, Station 1, 7 a. m., for "23.942" read 24.042. 
Page 743, Station 3, 4.57 p. m., for "26.154" read 26.194. 
Page 743, Station 3, 6 p. m., for " 26. 100 " read 26.200. 
Page 746, Station 3, 5 a. m., for " 26.489 " read 26.389. 
Page 748, Station 2, 2 a. m., for " 24.781 " read 24.739. 
Page 749, Station I, 11 a. m., for "24.965" read 23.985. 
Page 749, Station 1, 12 m., for "24.965" read 23.965. 
Page 749, Station 2, 1 p. m., for "24.733 " read 24.633. 
Page 751, Station 4, 2 a. m., for " 27.112 " read 27.012. 
Page 752, Station 1, 1 p. m., for " 27.742" read 23.742. 

In all these cases the error of the printed numbers is demonstrated by comparing 
them with the published uncorrected barometer readings and the published readings 
of the attached thermometer. There are, however, a number of instances in which 
the published figures are manifestly erroneous, yet do not afford the data for their 
own correction. In every such case the recorded reading was rejected, and one more 
accordant with its companions in the series was substituted for use in the computa- 
tions. These changes were made sparingly and cautiously, and it is believed that no 
aberration of natural origin has been referred to an error of observation, — ^but that, on 
the contrary, a large number of errors of observation were passed by. Only three of 
these arbitrary changes affect observations of the eight-day series described in the 
text in this place, but all of them affect the data of computations made for some por- 
tion of the present paper. In the following enumeration no attention is paid to the 
figures of the column headed "Barometer," although they need to be similarly mod- 
ified. The quoted figures are from the column headed " Corrected barometer." 

Page 688, Station 1,11 a. m., for "23.827" substitute 23.877. 
Page 689, Station 1, 8 p. m., for " 23.746" substitute 23.846. 
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In the conduct of this inqairy two limits were recognized. In the 
ftrst place, since the new method aspires to supersede antecedent methods 
only in the performance of such work as falls to the lot of surveys — 
work in which many new stations are to be determined in a restricted 
area — no methods were considered which appeared inapplicable to that 
object. The sole case considered was that in which a single observa- 
tion at a new station is compared with a single observation at a base 
station, or at each of several base stations, with such aid as may be 
derived from the other observations of a continuous series at the base 
stations. Bestricted as this problem appears to be, it is nevertheless 
the one which practically arises in nine-tenths of the hypsometiic work 
performed with the barometer. 

The second limit confined attention to methods known to be actually 
in use, for manifestly it would be a work of supererogation to undertake 
in this place to test the efficiency of those tentative methods which have 
not in practice won a place for ttiemselves. 

The methods in actual use which are adapted to the ordinary needs 
of geographic work tail readily into two classes, the first of which em- 
ploys in the computations only the data aflEbrded by the field notes, while 
the second adds to these data certain empiric corrections derived from 
long series of* observations. Of the first group, the method of William- 
son is a representative; and since, in the opinion of the writer, it has 
no superior in its class, it was selected as a typical example to be used 
in the comparison. The second class includes among others the systems 
of Plantamour and Whitney; and while its members differ somewhat in 
their manners of deducing and applying empiric corrections, they attain 
so nearly the same result that it matters little which one is selected as 
representative. The one already described as devised by Whitney was 
employed, the selection being determined chiefly by the flEtct that his 
method of procedure is so fully and clearly set forth that it can be re- 
peated without danger of mistake. 



Page 689, Station 4 
Page Gd6, Station 1 
Page 700, Station 2 
Page 707, Station 1 
Page 714. Station 1 
Page 718, station 1 
Page 720, Station 1 
Page 720, Station I 
Page 721, Station 2 
Page 722, Station 4 
Page 7;^, Station 4 
Page 733, Station 2 
Page 734, Station 1 
Page 735, Station 4 
Page 735, Station 1 
Page 739, Station 4 
Page 745, Station 2 
Page 747, Station 2 



8 p. m., for '<27.208" substitute 27.228. 
6 p. m., for '<23.561 " substitute 23.511. 
4.57 p. m., for *'24.452" substitute 24.352. 

6 p. m., for '<24.016'* substitute 23.916. 

10 a. m., for *< 23.925" substitute 23.825. 

7 a. m., for "24.012" substitute 23.912. 

1 a. m., for *<23.910" substitute 23.810. 

2 a. m., for '<23.905" substitute 23.805. 

11 a. m.,for << 24.440" substitute 24.460 

9 p. m., for << 27.072" substitute 27.052. 
1 a. m., for '* 26.909" substitute 26.809. 
6 p. m., for *' 24.219" substitute 24.241. 

10 p. m., for "23.491 " substitute 23.541. 

6 a. m., for <<26.961" substitute 27.011. 

7 a.nL,for«23.646" substitute 23.546. 

3 a. m., for *< 27.342" substitute 87.372. 

12 m., for <' 24.906" substitute 24.945. 

3 p. m., for ** 24.926" substitute 24.860. 
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The restrictioQ of the problem to the case in which only a single ob- 
servation at the new station is employed made it impracticable to apply 
Williamson^s method in its entirety, for he introduces a correction for 
the dinrnal oscillation of the barometer at the new station, and that 
correction can be determined with accuracy only by the aid of a series 
of observations of some extent. He does not> recommend the occupa- 
tion of each individual station for the period necessary to determine its 
diurnal pressure cycle, but uses instead the known cycle of some other 
station conceived to be characterized by the same conditions ; and there 
is a sort of uncertainty attaching to this practice which it was imprac- 
ticable to represent in this series of computations. By omitting all cor- 
rection for diurnal oscillation, an apparent injustice is done William- 
son's method : but if the observations were corrected by means of diurnal 
curves derived from the same observations, an equally unfair advantage 
would be given, because no such facilities are afforded in practical hyp- 
sometry. The uncertainty attaching to the substitution of the diurnal 
pressure curve of one locality for that of another is so great that I am 
disposed to doubt the advantage of Williamson's <^ horary correction" 
in all cases where the new station affords but a single observation. 

Failing thus to apply all of Williamson's rules in the computations, I 
have hesitated to connect his name with the results. Suffice it to say 
that while it is probable that they fairly represent the application of his 
system to the x)ostulated case, it is nevertheless possible that in gen- 
eral practice his method would appear in a more favorable light. 

In the application of Whitney's method there was no similar diffi- 
culty. The Galifomian tables were not employed, because their use i^ 
restricted by their author to the vicinity of the Sierra Kevada, but a 
special table was constructed for the time and pla<;e in a maimer pres- 
ently to be detailed. 

The observations having been freed from error, so far as practicable, 
and the plan of comparison having been arranged, the computations 
were then performed in the following manner: 

In the first place the altitude of Station 2 was computed by the new 
method, making use of Stations 1 and 4 as bases, and a separate determi- 
nation was made for each hour of the day for the period of eight days, 
making 192 independent determinations. The same work was then re- 
peated with Station 3, giving a total of 384 determinations by the new 
method. 

Colonel Williamson's method was then applied to the determination 
of the heights of Stations 2 and 3, first with Station 1 as a reference 
station or base and then with Station 4. The total number of these de- 
terminations was 768, and each of them was comparable with one of the 
determinations by the new method. The method of computation was 
as follows: An approximate difference of altitude was first derived fh)m 
the barometer readings by the aid of Williamson's Table Di. To this a 
correction for temperature was then applied, the correction being fiir- 
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nished by his Table Du, and being determined by the mean temperature 
of the day instead of the temperature of the honr. That is to say, for 
each of the eight days computations were made of the mean temperatures 
at the base station and new station, and the half sum of these tempera- 
tures was taken to represent the mean temperature of the air column for 
each of the twenty-four hours of the day. The correction for moisture 
was determined from the means of the psychrometer readings for each 
day, and was found to be so nearly uniform that no distinction was neces- 
sary^ and the same correction was therefore applied to all the determina- 
tions of each station. The corrections for gravity were regarded as 
constant at each station through the entire period. 

In the application of Whitney's method the first process was the same 
as in the case of Williamson's, but in the determination of the correction 
for temperature, the thermometer readings at the two stations at the 
individual hours were employed instead of the daily means. Ko correc- 
tion was applied for humidity, and the corrections for gravity were re- 
garded, as before, as constant.' Finally a special empiric correction was 
added, which had been derived from the observations for the entire month 
in the following manner: Monthly means were taken of observations of 
pressure and temperature made at Station 1 and Station 4, at the hours 
of 3, 6y 9, and 12 a. m. and 3, 6, 9, and 12 p. m., and from these means eight 
values of the difference of altitude were obtained, the method of com- 
putation being identical with that afterward employed for the individ- 
ual observations. These values were compared with the assumed al- 
titude (3,607 feet) and the differences were called corrections. By the 
aid of a plotted curve their irregularities were slightly diminished 
and values were interpolated for the remaining hours of the twenty- 
four. These corrections were applicable directly to computations of the 
difference in altitude of Stations 1 and 4, and in applying them to the 
smaller intervals involved in the determination of Stations 2 and 3 they 
were proportionately diminished. 

It will be observed that the st-ations upon which the table of correc- 
tions was based are the same stations afterward used as bases or 
reference stations in the computations, and it is also true that the new 
stations lie in the direct line between them. The series of observations 
affording the table include the series of observations to which the cor- 
rections were applied. The table, therefore, was not merely adapted to 
the White Mountains and to the average month of June, but to the 
specific locality and to the individual June from which the illustrative 
computations were made. It cannot often occur in the use of a system 
involving empiric corrections that the conditions under which it is ap- 
plied are so favorable. * 

In the comparison of the various results of these computations the 
lack of an independent and trustworthy standard had again to be re- 
gretted, and no better measure of precision was afforded than the inter- 
nal harmony of the several series of determinations. The mean of each 
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series was calealated independently and was then subtracted from the 
several individaal determinations. The series of differences thns ob- 
tained were then added so as to show the sum of each series indei)end- 
ently of sign, and the several sams were divided by the number of 
terms. Each quotient gave the mean residual of a series of 192 deter- 
minations. The publication of the individaal determinations of altitude 
is omitted by reason of their great number, and because the absence 
of a standard determined by leveling deprives them of any permanent 
value. The mean residuals are given in Table XXII. Each of the in- 
termediate stations (2 and 3) was computed by the older methods by 
reference to Station I and Station 4 separately, while the new method 
used the two base stations conjointly. Each individual determination 
by the new method was therefore comparable with two distinct deter- 
minations by each of the others. In the table a single column only is 
given to the residuals by the new method, while each of the other methods 
is farnishcd with two columns for the corresponding residuals and a 
third to exhibit the mean of the preceding two. 

Table XXII. 

Comparison of Barometric Methods by means of Compntations from Observations at 

Mount Washing^n, N. H., in Jane, 1873. 



New SUUon. 


Average Deviation from Mean of 192 Detenninationa. 


By New 
Method. 
Station 1 
and Sta- 
tion 4 as 
Bases. 


By Method with One Base 
Station and No Bmpirio 
Coireotion. (WiUiamson.) 


By Method with One Base 
Station and Local Empixio 
Correction. (Whitney.) 


Refened to— 


Mean 
of two 
series. 


Referred te- 


Mean 
of two 
series. 


Stotion 1. 


Station 4. 


station 1. 


station 4. 


Stati<m2 

Stations 


Fttit, 
11.8 

a9 


Fe«L 
16.1 

21.8 


Fe«L 
15.8 

7.9 


FuL 
15.5 

14.9 


FteL 
14.4 

l&l 


FmI. 
13.5 

9.9 


FuL 
14.0 

14.0 




Gmeral Mmui ... - 


10.4 






15.2 






14.0 













The general result, as indicated by the footings, is that the' average 
residual afforded by the determinations when one base station is em- 
ployed and no empiric correction is nsed is 50 per cent greater than 
the residual when two base stations are employed by the new method; 
and that when the' method with a single base station is modified by the 
use of local empiric corrections, the average residual is 40 per cent 
greater than that obtained with two bases. 



After Table XXII had been prepared a.nd the preceding paragraph 
had been written, the discovery was made that the observations on 
Mount Washington W3re afitected in a peculiar and systematic way by 
certain high winds, so that a considerable share of their error is of an 
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exceptional nature and so far avoidable that it may be considered not 
to affect tlie hypsometric problem strictly considered. A full acconnt 
of this influence of the wind will be fonud in the fourth section of Chap- 
ter I Y. In order to make sure that this special condition did not vitiate 
the conclusion reached above in regard to the comparative accuracy of 
hypsometric methods, the full series of 192 determinations was scruti- 
nized with reference to the associated wind, and each -determination 
made at a time when the wind at any one of the four stations exceeded 
ten miles per hour ^as rejected. The remaining determinations (which 
number 74 in each series) were then discussed by themselves in the 
same manner as the entire series had previously been. Their mean 
residuals are given in Table XXII bis. 

Table XXII Ine, 

Compftrison of Barometrio Methods by means of Compatations from a Selected Series 
of Observations at Mount Washington, N. H., in Jone, 1873. 



• 

Kew station. 


Avenage Deriation from Mean of 74 DetenninationB. 


By New 
Method, 
Station 1 
andStap 
tion4 aa 
Bases. 


By Method with One Base 
Station and No Empirio 
Correction. (Williamson.) 


By Method with One Base 
Station and Local Empirio 
Correction. (Whitney.) 


Beferred te- 


Mesn 
of two 
series. 


Referred te- 


Mean 
of two 
series. 


station 1. 


Station 4. 


station 1. 


Station 4. 


8tatlon2 


FmL 

7.7 

fll2 


FM. 

a7 

17.6 


Fb$L 

17.7 

7.8 


Feet 

18.2 

12L7 


Feet 
9.2 
9.2 


Fe$L 
12.9 

9.9 


FmL 
11.0 

9.6 


Stations 




OenendMeon 


7.0 






13.0 






10.8 






-- 





The resalt of the second comparison is even more fiaivorable to the 
new method than that of the first. The mean residual of the determina- 
tions by Williamson's method is 85 per cent greater than that by the 
new, and the residual by Whitney's is nearly 50 per cent greater. The 
new method does not suffer in comparison when the observations are 
improved. 



OOMFABATrVE COMPUTATIONS FROM MONTHLY MEANS. 

When single sets of observations, made at individual hours, are em- 
ployed in the computations of heights, the results are subject to all 
sources of error, but if the observations are first grouped in certain 
ways, so as to obtain mean values, certain classes of errors are practically 
eliminated. When the means of aU the observations on a single day 
are employed, the results are freed from errors having a diurnal period; 
when monthly means are employed, the errors arising from non-periodic 
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gradient are greatly diminished ; and if annual means be employed, little 
remains bat perennial gradient and constant errors dependent on tem- 
perature. When long series of monthly me.ans are used, the fact is 
deyeloped that there are inequalities dependent upon season which tend 
to repeat themselves from year to year. The ability of the new method to 
eliminate such inequalities has been tested in Table XII, where its re- 
sults are compared with those given by Whitney's tables, but its per- 
formance in this regard has not yet been compared with that of the 
simpler hypsometric methods. Table XI indeed contrasts the results 
obtained by Williamson and by the new method for certain Californian 
stations in the months of June and January, but the result is unsatis- 
factory. In the first place there is no fixed standard of comparison, and 
in the second the number of terms in each serits of determinations is too 
small to exclude the possibility of fortuitous accordance or discordance. 
The series of observations and computations published by Williamson 
afford no material adapted to a more extended comparison, and indeed 
there appear to be no published observations well suited to the pur- 
pose, but the need is partially met by the observations published by 
Whitney. Those observations cover a period of thirty-five months, and, 
as published, afibrd monthly means of barometric pressure and atmQs- 
pheric temperature. They do not, however, contain the data necessary 
to the computation of the correction for humidity, and they therefore 
fail to accord to such a method as that of Williamson the means of pro- 
ducing its best results. When the observations at individual hours 
are considered it is probable that the harmony of r^ults is enhanced 
by ignoring the psychrometric observations, but when monthly means 
fiirnish the data for computation there is an advantage in employing 
them. Despite this defect, the Californian observations are the best 
available, and a series of computations has accordingly been made from 
them. 

For each of the thirty-five months a determination of the altitude of 
Colfax has been made by using Sacramento and Summit as bases, and 
the error of each determination has been ascertained by subtracting 
from it 2,399 feet — the difference in altitude established by leveling. The 
altitudes and errors are given in full in Table XXni. The comparative 
computations were not made by the writer, because that work had already 
been performed by Professor Whitney. His results, with their corres- 
ponding errors, were transferred from pages 75-79 of his treatise, and 
incorporated in the same table (XXIII). They form two series : the first 
gives the determinations of Colfax when Sacramento was used as a base 
station; the second when Summit was thus used. 

In the computations by Professor Whitney the tables of Williamson 
were employed for all elements except the temperature and humidity, 
and Guyot's formula was applied for the derivation of the temperature 
corrections. 
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Table XXIII. 

Comparative Determinations of the Altitade of Colfax above Sacramento, Cal., from 
« Monthly Means of Thrice-daily Observations. 



Date. 



1870. 

Ootober 

November.... 
December . — 

1871. 

January 

February 

Harcli..^ 

April 

May 

Jane 

July 

Augost 

September.... 

Oqtober 

November — 
December 

1872. 

January 

February 

March 

April 

May 

Jane 

July 

August 

September.... 

October 

November — 
December 

1873. 

January 

Febroary 

Marcb 

April 

May 

June 

July 

August 



Mean 



By New Method, from 
Sacramento and 
Summit. 



Altitude. 



2301.0 
2880.5 
2301.7 

2308.1 
23010 
2301.8 
238&8 
2400.6 
2410.8 
2420.2 
2415.0 
2411.6 
2412.1 
2380.0 
238a 8 

2400.7 
2375.0 
2300.1 
2301.1 
2400.8 
2300.3 
2418.7 
2387.5 
2885.4 
238L7 
2407.0 
2400.3 

2371.6 
2357.8 
2378.0 
2402.0 
2387.0 
2407.1 
2402.0 
2400.4 



Error. 



Fut. 

— ao 

— 12.6 

— 7.8 

— 0.0 

— 4.1 

— 7.7 

— 12.7 
+ 10.6 
4-11.8 
+ 21.2 
+ 1&0 
+ 12.6 
+ 13.1 

— 9.1 

— 0.2 

+ 1.7 

— 23.1 

— ao 

— 7.9 
+ 1.8 

— 2.7 
+ 17.7 

— U.6 

— 13.0 

— 17.3 

+ ao 

+ 1.3 

— 27.4 

— 41.7 

— 2L0 

+ ao 

— 12.0 

+ ai 
+ ao 

+ 1.4 



By Old Method, the Base Station being- 



Sacramento. 



Altitude. 



10.8 



Fset 
2303.4 
238a6 
288a6 

2380.2 
2402.8 
2412.9 
2410.0 
2435.6 
2430.3 
248Sw6 
24210 
2400.0 

23oao 

2388.9 
2400.9 

2395.4 
2387.5 
24ia4 
2429.2 
2481.1 
241&5 
2440.6 
2415.1 
2389.8 
2372.9 
2302.1 
238L2 

230a3 
2402.8 
2417.3 
2472.8 
2454.4 
24717 
2461.2 
2468.6 



Error. 



Fe$L 

— a6 

— 12.6 

— 9.6 

— lao 
+ as 

+ 13.9 
+ 1L6 
+ 86.6 
+ 8L3 
+ 86.5 
+ 25.9 
+ 10.0 

— 0.1 

— ai 

+ 1.9 

— ao 

— 1.5 

+ ia4 

+ 30.2 
+ 82.1 
+ 17.5 
+ 4L6 

+ iai 

— a7 

— 2ai 

— ao 

— 17.8 

— a7 
+ a8 
+ ia3 

+ 73.8 
+ 55.4 

+ 7a7 
+ 5a2 

+ 70.6 



22.8 



Sammit. 



Altitude. 



FeeL 
24518 
2462.1 
247a 6 

2454.9 
2424.7 
24ia9 
2389.2 
2380.7 
2362.8 
237&7 
2390.6 
2407.9 
2432.7 
24ia8 
2404.1 

2433.0 
2372.3 
2882.0 
2881.0 
2391.1 
2371.3 
2375.0 
2882.4 
2389.2 
239L4 
2435.5 
244a 5 

24iai 
237^5 
2407.3 
2390.0 
2369.4 
237a 7 
237a 8 
2321.3 



Error. 



FteL 
+ 6a3 
+ 63.1 
+ 80.6 

+ 66.9 
+ 2a7 
+ 11.9 

— as 

— las 

— 3a7 

— 22.8 

— a4 
+ a9 
+ 8a7 

+ 118 
+ 5.1 

+ 810 

— 2a7 

— ai 

— ao 

— 7.9 

— 27.7 

— 23.4 

— lao 

— ao 

— 7.e 

+ 3a5 

+ 53.5 

+ 20.1 

— 23.5 

+ as 

— ai 

— 29.6 

— 2a3 

— 2a2 

— 77.7 



2a 6 



The footings of the several colamns of errors indicate that the new 

method is greatly superior to the old in its ability to produce uniform 

results at different seasons of the year. The old method gives a better 

series of determinations with Sacramento as a base station than with 

32 a A 
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Summit, but even in that case its average error is more than twice as 
great as that by the new method. The disparity is so great as to render 
it improbable that the comparison would be materially affected bj the 
introduction of the humidity correction. 



SUMMART. 

By the preceding series of tests the new hypsometric method has been 
compared with the two general methods already in use. It will be con- 
venient to designate these older methods by the words ordinary and 
empiric; indicating by the title ordinary the general method which em- 
ploys a single base station only, and applies the formula of Laplace or 
that of Bessel with no special corrections not readily derivable from a 
short series of observations at the base station; and indicating by the 
title empiric the general method which introduces into the computation 
an empiric correction derived from a long series of observations made 
at two stations in the vicinity of the point to be measured. 

The special procedure which has been used as an example of the or- 
dinary method is that of Williamson, and its chief individual peculiar- 
ities consist in the rejection of the thermometric and psychrometric ob- 
servations at the moment of barometric measurement and the substi- 
tution therefor of diurnal means of thermometric readings and weekly 
or monthly means of psychrometric readings. A point in California 
was found which had already been subjected to a series of determina- 
tions by Williamson, and which was at the same time well conditioned 
for the application of the new method. Ninety corresponding deter- 
minations by the new method afforded a mean error 53 per cent less 
than the mean given by the ordinary. A series of 384 computations 
from observations on the slopes of Mount Washington gave a mean 
error 32 percent less than by the ordinary; and ti series of 148 computa- 
tions, selected from the last by reason of specially favorable conditions of 
observation, gave a mean error 46 per cent less than by the ordinary. 
In the case of the Californian work, the stations involved were at such 
distance that the ol^servations and results were presumably largely in 
fluenced by cyclonic gradients, while at Mount Washington they were 
not The tests at the second locality are therefore more valuable as in- 
dicative of the ability of the two methods to eliminate those errors to 
which alone they are applicable. Doubtless, if the computations were 
repeated from observations in other localities, or from observations in 
the same locality at another season of the year, notably different results 
might be obtained; but, in the absence of the necessary observations, 
we cannot do better than accept the Mount Washington results, and say 
that under conditions favorable to the application of both methods the 
substitution of the new for the ordinary reduces the error nearly one-half. 
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In comparing the new method with the empiric, illastratious were 
derived from Whitney's work in Galifomia and from Plantamoor's in 
the Alps, and a computation after the manner of Whitney was applied to 
the Moant Washington observations. Eighty-six comparative determin- 
ations of Golfax, GaL, indicated a reduction of error by the new method 
of 35 per cent; 106 determinations of stations in various parts of Gali- 
fomia indicated a reduction of 10 per cent; 82 determinations of stations 
in the Alps, a reduction of 39 per cent; 384 determinations at Mount 
Washington, a reduction of 26 per cent; and 148 determinations at 
Mount Washington, from observations not affected by wind, a reduction 
of 32 per cent. 

Here again all the determinations, except those at Mount Washing- 
ton, were exposed to the influence of cyclonic gradients, but in such way 
that it is impossible to say whether one method was favored more 
than the other. The weighted mean of all the indicated reductions is 
27 per cent, and from the data at hand we cannot do better than adopt 
that as the measure of the gain when the new method is substituted for 
the empiric. 

All the computations referred to in the preceding paragraphs were 
based upon individual observations, and, with the exception of those 
for the determination of Golfax, were checked by no standards more au- 
thoritative than their own mean results. 

The period of observation for each of these scries is so short that it 
cannot be considered to include those variations dependent upon season 
of year; but the comparison has been extended so as to develop the 
ability of the several methods to cope with them. From Table XI and 
Table XXIII it appears that the new method reduces, by about one-half, 
the error incurred by the application of the ordinary method to monthly 
means ; and Table XII shows that it equals the performance of the em- 
piric method under conditions especially favorable to the latter. The 
error related to the season is not so great as the error related to the day 
and hour, but it is still not unimportant, and the superior ability of the 
new method to cope with this gives it an added advantage over the ordi- 
nary. Expunging, as compared with the ordinary, nearly one-half of the 
error related to the hour, and fully one-half of the error related to the 
season, it may with propriety bo credited with a diminution of the total er- 
ror of a siuglc computation by about one-half. Equaling the empiric 
method in its ability to obviate seasonal irregularities, its relative power 
to cope with the total error of an individual computation is approximately 
measured by its relative power to cope with that element of error which 
I>ertains to the hour — a power indicated, as we have seen, by an im- 
provement of 27 per cent. 

If it be granted that the new method effects a reduction of one-fourth 
the error of the empiric and of one-half the error of the ordinary, it must 
of necessity be admitted that it is the more exact hypsometric method ; 
but it does not necessarily follow that it will, or should, supplant them, for 
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other conditions need to be satisfied. Of these we shall speak more 
fally in another chapter, here mentioning only the single consideration 
of cost. In the application of the ordinary method to the work of a 
survey, a barometer, or a number of barometers, are carried during the 
season of field operations from one new station to another and are read 
at each; during the same period a single base station is maintained 
continuously; and these are the only items of expense, unless it is also 
necessary to determine in some independent way the altitude of the base 
station. A similar application of the new method involves all these 
expenses, and, in addition, the cost of maintaining a second base station 
throughout the same period and of measuring with the level the difference 
in altitude of the two bases. For the similar application of the empiric 
method the outlay of the ordinary method is required during the season 
of field work, and it is additionally demanded that two stations in the 
vicinity shall have been antecedently maintained for a term of years. In 
every case, therefore, the empiric and new methods are more expensive 
than the ordinary, and in most cases the empiric ia more expensive than 
the new. It may sometimes occur, as, for example, in the Alps, that the 
preliminary labors necessary for the application of the empiric method 
have already been performed for other purposes, and in such case that 
method can be as economically applied as the ordinary. It may also 
occur that the continuance of geographic work in the same district for 
a series of years will enable the empiric method to use for its base sta- 
tions the identical observatories and observations employed for the de- 
duction of its tables of corrections, and in such cases its expense is prac- 
tically identical with that of the new method. 

In the more frequent cases the empiric method is more expensive 
than the new, and there can be no reason for employing it. When 
circumstances place them on a parity in the matter of expense, the pre- 
ference should go to the new method on the score of precision. But 
when the new method is compared with a less expensive application of 
the empiric, or with the comparatively inexpensive ordinary method, we 
may conceive that there will always be a weighing of utility versus cost, 
and various extraneous circumstances may determine the use of the one 
or the other. 

The rarity of the circumstances which should lead to the preference 
of the empiric method may be supposed to narrow the choice in most 
cases to the ordinary on the one hand and the new on the other. As 
will be shown in the sequel, there is a considerable range of special 
cases in which the ordinary method, can never be superseded by the 
new. 



CHAPTER IV. 

FOSSIBIiE IMPROVBMBiraS. 

In the preceding chapters an attempt has been made to give the new 
method a rationale and a raison cPStrCy — to show first that it is theoretic- 
ally plausible, and second that it is practically successful. It has been 
pointed out that while the hypsometric methods now in use strive to 
ascertain the momentary density coefficient of an air column in an indi- 
rect way, by untrustworthy measurements of temperature and moisture, 
the new method undertakes to determine it by means of a direct meas- 
urement of the simultaneous density coefficient of a partially coincident 
air column. It has been shown that the only arbitrary assumption in- 
volved in the new departure — ^the assumption of a simple law for the 
vertical variation of the density coefficient— is so far unavoidable that 
it has been embodied in all the older practice. And it has been shown 
by an extended series of comparative computations that the application 
of the new formula actually accomplishes a diminution of hypsometric 
error. In the present ^chapter it will be assumed that the new method 
is destined to find a place in the hypsometric work of the future, and 
consideration will be given to the possibility of further developing it so 
aB to increase its usefulness. Its merits having been sufficiently dwelt 
upon to establish its claim to recognition, its shortcomings will now be 
discussed with a view to their amelioration. 



1. BEDETEBMINATION OF THE CONSTANT. 

In the thermic term of the formula, ^ ^ \ the quantily D is a con- 

stant, but it is not one which admits of determination from a priori con- 
siderations. Its value can be learned only by applying the formula to 
the computation of known heights, from means of long series of obser- 
vations. To accomplish this in a satisfactory manner it i& necessary to 
use a group of three stations whose differences in altitude are both 
great and known, and whose horizontal distances are small. There is 
no published long series of observations at stations fulfilling these con- 
ditions, and the value assigned to D, 490,000 feet, is merely provisional. 
It was derived, as has already been explained, from a two years* series 
of observations made in California at a group of stations of which the 
extreme members are 77 miles apart, and its accuracy is impugned by 
many considerations. In the first place, the values afforded by the two 
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years, considered separately, are not closely accordant, while those af- 
forded by the four half years into which the same series of observations 
may be divided are highly discordant. In the second place, the highest 
and lowest stations of the group are not merely widely separated, but 
one of them is in close proximity to the ocean, so that the observations 
are subject to the unfiivorable influence, not only of non-periodic gradi- 
ents, but of the annual and perennial gradients of a coast district, 
which theoretically are exceptionally great In the third place, the 
leveling by which the altitudes of the stations were determined was not 
performed with special reference to this or any other scientiflc object, 
but merely for the less exacting needs of a railroad, and its guaranty of 
precision is insufficient. In the fourth place, a portion of the observa- 
tions are of poor quality. The observers were chiefly occupied with 
other duties, and at two stations they were frequently changed. Their 
records are not perfectly continuous and are not free firom patent errors. 
And, finally, the observations were restricted to the hours of 7 in the 
morning and 2 and 9 in the afternoon, and no other data exist for as- 
certaining the daily means. In observations of atmospheric tempera- 
ture, it has been found that readings at these three hours enable the 
daily mean to be computed with a high degree of precision, and this at 
all seasons of the year; but the same rule does not apply to observations 
of atmospheric pressure. The dally cycle of pressure has it maximum 
at different hours in different seasons and at different stations, and the 
mean of the readings at the hours of 7, 2, and 9 frequently differs from 
the mean for the day by amounts which affect hypsometric results to 
the extent of several feet. 

In comparing computations by the new method with corresponding 
computations by Professor Whitney for the determination of altitudes 
at various points in California, there was found to be a difference of a 
constant nature which would be explained if it should be discovered 
that the middle station of the Californian group had been assigned by 
leveling too low an altitude. The effect of such an error upon the esti- 
mate of D would be to make it too great In the comparison, too, of 
Alpine altitudes computed by the new method, with corresponding alti- 
tudes computed by Professor Plantamour, there was found a discrepancy 
of a constant nature which would be explained if the assumed value of 
the constant D were ascertained to be too large. There is therefore a 
presumption that its real value will eventually be found to be somewhat 
smaller than the one provisionally assigned it 

The desiderata for the final and satisfieictory computation of the con- 
stant are a series of barometric observations, made at every hour for a 
period of not less than two years, at three stations whose vertical rela- 
tions are definitely known, the highest being separated from the lowest 
by a vertical space of several thousand feet and by a small horizontal 
space, and the intermediate station being approximately medial. An 
inland locality is preferable. 
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The table appended to this paper as an aid to the computer in the 
use of the formula, is based ux>on the provisional value of the constant, 
and will need to be changed when a more satisfactory value is obtained. 
Its reconstruction will not be a matter of difficulty, since it* will merely 
be necessary to multiply each of its corrections by a constant factor. 



2. PROVISION FOR DIURNAIi PERIODICITY. 

The fia>ctor of atmospheric density which finds expression in the 
thermic term of the formula is an inequality incited by the sun's heat. 
It would not be strange therefore if it should be affected by a periodicity 
dependent upon the periodicity of the reception of solar heat; and if 
it is, there would necessarily be a corresponding systematic inequality 
in the results given by the formula. Should such an inequalily be dis- 
covered, it would be possible to make a counteractive modification of 
the formula and thereby increase its efficiency. The two principal ther- 
mic periods due to solar heat are the day and the year; and we will in- 
quire, first, whether the altitudes computed by the formula exhibit any 
constant inequalities having a daily cycle. 

To test the existence of a diurnal period we compute the same altitude 
by the aid of the same base stations at different hours of the day, and 
repeat the experiment for as many days and as many localities as prac- 
ticable. If a diurnal change occurs it is easy to understand that it may 
vary in character or amount from place to place and from season to 
season. 

The computations made for the purpose of comparing the efficiency 
of different hypsometric methods, and described in the last chapter, 
afford a considerable body of material pertinent to this inquiry, and 
their results have been rearranged with reference to it. 

The observations at Placerville, Strawberry Valley, and Hope Valley, 
which form the basis of the results contained in Table lU, were more 
extended than that table indicates. Oolonel Williamson employed in his 
test computations only the readings made for ten days, at 7 in the morning 
and 2 and 9 in the afternoon, and the comparative computations by the 
new method were given the same limit. The observations were made, 
however, at every hour from 7 in the morning until 9 at night, and 
through the courtesy of Colonel Williamson, who kindly furnished me a 
copy of the record, I have been enabled to compute the altitude of Straw- 
berry Valley, with Placerville and Hope Valley as bases, for each of the 
daylight-hours of ten days in August, 1860. On two of the ten days 
local thunder storms occurred, rendering the results inapplicable to the 
present purpose and reducing the length of the series to eight days. 
The results are exhibited in Table XXIV, and graphically by Figure 1 
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in Plate LYI, and plainly show a systematic change. The determina- 
tions of altitnde from 7 in the morning antil 3 in the afternoon are all 
lower than the mean, while from 4 to 9 p. m. they are higher; and the 
amplitude of their curve, after making allowance for abnormal irregu- 
larities, is fully 20 feet. Determinations made in the early evening as- 
cribe to Strawberry Valley a height greater by 20 feet than do deter- 
minations made in the middle of the day. The curve in Plate LYI was 
constructed from the mean of the eight-day series. Similar carves were 
drawn for each of the individual days, and were found to exhibit in each 
case, although less perfectly, the same diurnal cycle, thus demonstrat- 
ing its recurrent character. 

Table XXIV. 

Variations of Altitude Determinations from Hourly Means of Eight-day Series of Baro- 
metric Observations. August. 



Hour. 



7».m 

8a. m 

OA.xn 

10 a. m 

11 a. m 

12m 

lp.xn 

«P» 

8p.m 

4p.m 

5p.m 

6p.m 

7p.m 

8p.]n 

Op.m 



New station, Stnw- 
berxT Valley. Base 
Stations, Hope Val- 
ley and Placerville. 
Height of New 
Line, 1,885 feet. 
Height of Base 
Line, 5,107 feet. 



FeeL 

— 2 

— 8 

— 8 
^ 8 

— 8 

— 9 

— 8 

— 10 

— 8 

+ * 

+ « 
+ 18 

+ 10 

+ 12 

-f- 9 



New and Base Sta- 
tions on the Hie- 
sing. Height of 
New Line, 1,772 
feet. Height of 
Base Line, 8,504 
feet. 



F*«L 

• • • ■ 

+ e 

+ 5 

— 4 

+ 1 

— 8 

— 6 

— 8 

— 1 

+ 4 
+ 6 



The observations made by Banemfeind on the Miesing, to which ref- 
erence was made in the discnssion of the thermic constant (see Table 
n), have been utilized for the present pnri>ose also. Like the last, they 
consist of an eight-day series in Angnst and are limited to the daylight 
hours, the series beginning at 8 a. m. and ending at 6 p. m. The results 
of the computations, translated into English feet, appear in Table XXIY 
and in Figure 2 of Plate LYI. In this case no separate computation was 
made for the individual days, the available record of the observations 
containing only the means of the series ; but the smoothness of the curve, 
which is interrupted by only a single aberrant term, vouches for the 
actuality of a diurnal period. 

The Galifornian observations, to which our general investigation is 
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SO greatly indebted, make a valaable coDtribution in this place also. In 
Table XII of the preceding chapter the right-hand pair of columns con- 
tain the errors of altitude determinations for Colfax by the new method 
for each month of the year and for each of the three hours of observa- 
tion. In Table XXY the same results are given, with a different arrange- 
ment and combination, for the purpose of expressing more definitely the 
relations of the errors to hours of the day. In the reconstruction, the re- 
sults for the two years were first combined so as to obtain means, and then 
the figures for each month were increased or diminished by the quantity 
necessary to eliminate the variation peculiar to the month as a whole. 
The footings of the columns in Table XXV and Figure 4 of Plate LVI 
give the general result of the comparison and show that the new method 
of computation when applied to the determination of Colfax from Sacra- 
mento and Summit as bases gives a result at 7 in the morning 11 feet 
greater than its result at 2 in the afternoon and 15 feet greater than its 
result at 9 in the evening. 

Table XXV. 

Showing the Relation of Variations in the Compntation of Colfax from Sacramento 
and Summit to Horns of the Day, the Computations being from Monthly Means of 
Observations. 



Kontii. 



Jannary... 
Felnmazy.. 

Maroh 

April 

May 

June 

Jnly 

Angnat ... 
September 
October . . . 
November, 
December. 

Mean, 



Variation from Monthly Mean, in feet 



7 a. m. 



+ 8.9 



2 p. m. 



+ 2.5 


+ 0.1 


— 2.6 


+ LO 


— 2.4 


+ 1.4 


+ &0 


+ 0.3 


— &3 


+ 7.9 


— 2.9 


— 6.0 


+ 10.6 


— 5.3 


— 6.3 


+ 14.3 


— 4.8 


— 9.5 


4-20.6 


— 10.0 


— 9.6 


+ 0,6 


— 0.7 


— &9 


+ 10.2 


- 2.5 


— 7.7 


+ 10.9 


+ 1.2 


— 12.1 


+ 12.3 


— 3.4 


— &9 


— 0.9 


— 1.2 


+ 2.1 



— 2,7 



9 p. m. 



— 6.2 



Non.— The altitude of Colfax above Sacramento is 2,399 feet ; 
feet 



of Summit above Sacramento, 6,989 



The results for the indiyidual months do not accord i)erfectly with 
those for the entire year, but they have sufficient harmony to guarantee 
that the general result is not due to accident but to an actual, system- 
atic, periodic variation in some condition affecting the measurements. 
They show, moreover, that the diurnal cycle is itself subject to varia- 
tions dependent upon season. Its amplitude is less in the three winter 
months than in the remainder of the year, and is greatest of all in the 
hottest month. 



EXPLANATION OF PLATE LVL 



Ko. 

of 

Fig- 



New Station. 



1 
2 
8 
4 

6 

6 
7 

8 

9 

10 

11 

12 

18 

14 

15 



Stxawbeny Val- 
ley, Cal. 

Station 8 on tiae 
Hieeing. 

6 points in the 
Alps. 

Colfihx, Cal 



Yon Bet, Cal 



Gold Bun, Cal 

Lakeport^ Cal 

Station 2, Mount 

Washington. 
Station 8, Mount 

Washington. 
Station 8, Mount 

Washington. 
Station 8, Mount 

Washington. 
Station 2, Monnt 

Washington. 
Station 2, Monnt 

Wasliington. 
Station 8, Monnt 

Washington. 
Station 8, Mount 

Washington. 
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Base Stations. 



Hope Valley and 
Plaoerville. 

Station 5 and Sta- 
tion 1. 

St. Bernard and 
Geneya. 

Sonunit and Saora- 
mento. 

Sammit and Colfaoc 

Summit and Colfiuc 

Colfkx and Sacra- 
mento. 
Stations land 4... 



Period of Ohservation. 



8 days in August 
8 days in August 



18 days in July, August, 

and September. 
2year8 



Height 
of New 
Station 

aboTo 
Lower 

Base. 



8 days in November and 
December. 

6 days in October 

9 days in October 



Stations 1 and 3. 



Stations 1 and 4. 



Stations 2 and 4. 



Stationsland4... 



Stations 1 and 3. 



Stations land4 



Stations 2 and 4 



Month of June. 



.do 



.do 



.do 



8 days in June 



.do 



.do 



.do 



F$eL 
8,742 

1,772 

1,410 to 
4.820 



B= 

Height 
of Upper 



Station 
above 
Lower. 



660 

780 
1,820 

2,828 

1,672 

1,252 

1,252 

2,828 

1,672 

1,252 

1«262 



6,107 

3,604 

6,793 

6,988 

4,600 

4,500 
2,809 

8,007 

2,855 

8,607 

2,828 

8,607 

2,866 

8.607 

2,828 



A 



.73 

.61 

.2310 

.71 

.34 

.12 

.17 
.65 

.78 

.67 

.28 

.44 

.78 

.67 

.28 

.44 
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These montlily inequalities serve to warn us that a diurnal correction 
derived from observations at one season of the year cannot be applied 
in computations from observations made at another season. 

Table XXVI. 
Varifttions of DotcnnlDatious in California, classified by Horns. 



Ststkm. 


Altitude. 


Height of Baae Line. 




7 a.m. 


2p.ni. 


9 p.m. 


GoldBniL 


780 feet aboTO Colfax. 


4,590 feet 


FetU 
-14.0 
+ 8.0 

- 6.9 

- 2.6 
+ 8.6 
+ 5.0 


Fe«L 

+ 7.2 
+18.6 
- 1.7 
+ 9.5 
+ 7.7 
+ 0.4 


Feet, 

- 1.2 

- 9.5 


-14.7 

- 1.6 

- 8.4 


Mmui 


- 2.1 


+ 0.9 


- 6.1 




YoaBot 


660 feet aboToColiSikz. 


4,590 feet 


• ....'.a... 




+12.2 
+ 7.0 
-16u8 


+ 42 
+8L1 


+ 4.8 

- 2.7 

- 7.8 

- as 

-10.5 
+ 2.7 






+ 3.0 

- 4.7 

- &1 

- 7.8 
+ 0.4 
+ 2.9 


- 9.1 

- 6.7 


- 2.7 


- 0.7 




+10.5 




Hean 


+ 2.6 


- 2.7 


- a8 




Lakeport 

• 


1,820 feeiaboTe Saora- 
mento. 


2,899 feet 


- 7 
-24 


-12 
+21 
+27 
+89 
-15 
+25 
+49 

+ 
+82 


-85 
-15 

+ 8 


- 4 

+82 

-45 

+17 

+ 5 
-87 


-89 
-20 

+ 4 
+19 
-26 


Hean 


- 8 


+19 


-18 





An inspection of the results embodied in Table XY shows that some 
of the variations in the heights computed by the new method exhibit 
periodicity. The series at Gamp 9, Geyser Springs, and Long Valley 
are too short to afford trustworthy indications^ but the remaining three 
not merely exhibit changes in the altitude determinations from one hour 
of observation to another but show a recurrence of these changes from 
day to day. In Table XXVI the variations of the determinations of 
altitude by the new method for the remaining three stations are arranged 



508 



MEASURING HBIGHT8 WITH THE BAROMETER. 



according to hours of the day, and the means for each station are exhib- 
ited separately. The means are also plotted in Figures 6, 6, and 7, of 
Plate LYI. The diurnal variations in the determination of You Bet are 
somewhat similar to those in the determination of Colfax, but the varia- 
tions at Gold Bun and Lakeport are conspicuously different, the after- 
noon observations instead of the morning giving the maximum result. 

A similar treatment was given to the variations shown by the deter- 
minations of altitudes in the Alps and embodied in Table XVIII, and 
the rearranged residuals will be found in Table XXVU. In this case 
the character of diurnal oscillation indicated by each of the stations is 
approximately the same, so that it seems preferable to take the means 
of the whole instead of individual means for the several stations. The 
hours of observation here include all those with even number from 6 in 
the morning until 10 in the evening, and the curve of variation (Figure 3, 
Plate LYI) is determined at so many points as to give it a definite char- 
acter. Its maximum is in the middle of the day, its minimum occurs 
during the night, and its amplitude is in the neighborhood of twenty-five 
feet. Here again the recurrence of the diurnal change upon different 
days and at different stations testifies to its systematic nature. 



Table XXVII. 
Variations of Determinations in the Alps, classified by Hours. 



Now Station. 


Altl- 
tade 
above 
(xene- 

va.* 


A. M. 


P.M. 


6 


8 


10 


12 


2 


4 


6 


8 


9 


10 


Grimsol — 

Proa 

St Pierre .. 

• 

ETol6]ia 

Chamounix 
Sorraval ... 


Metert. 
1,470 

1,400 

1,230 

970 

• 

630 
430 


m. 

+ 1.2 


m. 


m. 


m. 


i». 


m. 


m. 
- 2.8 
0.0 


m. 
-13.6 
+ 2.7 
+ 1.8 

- 2.7 

- 6.8 

- 1.2 

- 8.6 


m. 

-H.4 


- 9.1 
























+ 0.2 
- 0.8 




+1.0 


+ 5.5 


+ 2.8 


+ 0.7 


- 0.5 
+ L5 
















^ 




















- 2.6 






- 8.0 

- 2.9 
+ 1.6 


+ 0.8 
+ 3.6 
- 0.6 
+ 4.7 


-1.6 
+L6 


+ 4.5 


+ 6.1 
+ 2.8 






-6.8 




- 2.0 

- 5.1 
+ 0.6 


- 0.6 

- 2.8 

- 8.9 
+ 8.1 

- 7.7 

- 2.7 
































- 6.4 

- 1.4 

- 1.8 
+ 2.4 

- 2.9 








+ &8 


+U.2 


+ L0 
















- 0.5 


+2.4 


+ 3.9 


+ 0.3 


- 2.1 

+ 3.8 




-3.6 
-3.6 
-3.0 
-6.7 


- 0.9 

- L6 

- 6.0 

- 4.1 


+ 5.0 
- 0.9 

+ a2 


-0.0 - 0.6 
' 4-13.4 


- 0.3 
+ 7.1 


-11.7 


- 9.8 

- 4.4 

- 1.3 


...... 


+10.0 














Mean, in meters. 
Mean, in foet 


- L3 

- 3.0 


+ 2.5 
+ 8.2 


+0.7 
+2.3 


+ 6.3 
+20.1 


+ 3.6 
+11.5 


+ 3.4 
+11.2 


- 2.2 

- 7.2 


- 3.6 
-11.8 


-2.6 
-8.5 


- 4.6 
-15.1 



*The height of the upper base station, St. Bernard, aboTO Geneva is 2,070.3 meters. 
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The observations at Mount Washington have been made to afiEbrd 
eight independent cnrres of a similar natare. This variety of result 
has been obtained, first, by giving separate consideration to the entire 
month of June and to the eight June days selected for the compara- 
tive computations described in the last chapter, and, second, by com- 
bining the different stations in various ways as base and new. It will 
be remembered that the stations of observation were numbered, from 
highest to lowest, 1, 2, 3, and 4. In each computation of altitude by 
the new method three stations are used. There are therefore four dif- 
ferent ways in which the stations may be grouped in the computations, 
each of the four stations being in turn omitted. 

Table XXVHI. 

Showing tlio Kelation of Variations in the Computations of Altitudes on Mount Wash- 

iugton, N. H., to the Hours of the Day. 



Hour. 


Mean of Barometric Beadiogs on Mount 
Washington for the Month of June, 1878. 


Yariation of Computed Altitude from its 
Moon Value. 


Stationl. 


StaUonS. 


Stations. 


1 

1 

Station 4. 


Station 2, 
from 

Station 1 
and 

Station 4. 


Station 2, 
from 

Station 1 
and 

Stations. 


Stations, 
from' 

Stationl 
and 

Station4. 


Stations. 

from 
Station 2 

and 
Station 4. 


l&m 

2a. m 

8a. m 

4a. m 

5a. m 

6a. m 

7a. m 

7. 67 a. m 

9a. m 

10 a. m 

11 a.m 

12in 


Inehei. 

23.8130 
.8088 
.8042 
.8008 
.8035 
.8094 
.8162 
.8199 
.8277 
.8347 
.8397 
.8407 
.8389 
.8343 
.8304 
.8257 
.8183 
.8219 
.8189 
.8220 
.8278 
.8266 
.8231 
.818i 


Inehet. 

24.5119 
.5087 
.5057 
.6054 
.5111 
.5141 
.5183 
.5259 
.5311 
.5356 
.5335 
.5335 
.5819 
.5306 
.5269 
.5225 
.5183 
.5192 
.5239 
.5253 
.5272 
.5282 
.5247 
.5192 


25.9753 
.9718 
.9679 
.9786 
.9798 
.9853 
.9917 

.9970 
.9986 
.9967 
.9921 

• VooO 

.9823 

.9791 

.9744 

.9725 

.9756 

.9783 

.9833 

.9877* 

.9809 

.9820 


Inehei. 

27. 1711 
.1692 
.1669 
.1719 
.1821 
.1887 
.1943 
.1951 
.1951 
.1948 
.1806 
.1824 
.1772 
.1686 
.1654 
.1982 
.1541 
.1599 
.1679 
.1702 
.1763 
.1762 
.1781 
.1738 


Feet 

+ 2.4 
+ 1.8 
+ 0.5 

- 1.1 

- 2.8 
+ 0.6 
+ 8.2 

- 1.7 

- 0.5 
+ 0.6 
+ 6.4 
+ 5.7 
+ 4.7 

0.0 

- 0.1 

- 0.7 

- 3.8 

- 0.8 

- 6.4 

- 4.2 

- 0.3 

- 2.5 

- L3 

- 0.3 


Feet 
+ 1.8 
+ 0.9 

- 0.6 
-0.9 

- 3.0 
+ 0.1 
+ 2.9 

- 1.7 

- 0.7 
+ 0.1 
+ 5.7 
+ 4.8 
+ 4.0 

- a3 

- 0.3 

- 0,6 

- 2.2 
+ 0.6 

- 6.0 

- 3.0 
+ 0.4 

- L9 

- 1.4 
+ 0.2 


Feet 
+ 1.6 
+ 2.4 
+ 3.2 

- 0.8 
+ 0.5 

+ 1.4 
+ 1.0 

- 0.2 
+ 0.6 

+ 1.4 

+ !.» 
+ 2.4 
+ 1.9 
+ 0.9 
+ 0.7 

- 0.3 

- 4.6 

- 2.7 

- 1.8 

- 3.6 

- 2.2 

- 1.8 
+ 0.8 

- L5 


Feet 
+ 0.5 
+ L6 
+ 2.9 

- 0.4 
+ 1.9 
+ 1.0 

- 0.5 
+ 0.5 
+ 0.7 
+ 1.0 

- LO 

- 0.2 

- 0.3 
+ 0.8 
+ 0.6 

- 0.1 

- 8.1 

- 2.6 
+ 1.4 

- 1.9 

- 2.1 

- 0.8 
+ 0.8 

- 1.6 


lp.m 

2p.iii 

8p.m 

4p.m 

4. 57 p. m 

6p.m 

7p.m 

8p.m 

9p.in 

10 p. m 

IL 22p.m 

12 midnight... 


Mean...^.. 


23.8219 


24.5222 


26.0833 


27.1762 



















In each of the groups the highest and lowest stations were regarded 
as bases and the intermediate as new station. In each of the eight 
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cases the observations were arranged by hours, and means were taken, 
and from these means a separate determination of altitude was made 
for each hour of the twenty-four. Each determination was then com- 
pared with the mean of its own scries and a set of residuals or varia- 
tions derived. Table XXVIII gives the hourly barometric means for 
the month of June for each of the four stations, and gives also the va- 
riations from their several means of the corresponding determinations 
of altitude. 

The same variations are plotted in Plate LYI, where they constitute 
Figures 8, 9, 10, and 11. The corresponding curves derived from the 
eight-day series of observations appear in Figures 12, 13, 14, and 15. 

An inspection of the Mount Washington curves reveals some partial 
similarities, but none of a general nature. Curves 8 and 9 are closely 
alike, and so are curves 12 and 13, but the two pairs do not resemble 
each other. In all four the new station is the same, being Station 2. 
In curves 8 and 12 the base stations are Stations 1 and 4 ; in curves 
9 and 13, they are Stations 1 and 3. The upper pair were derived fix>m 
observations for the entire month; the lower pair from the eight-day 
series. The similarity of the members of each pair is due to the fact that 
the observations at the new station, which have a greater influence upon 
the result than the observations at either base station, are identical. 
The dissimilarity between the pairs arises from the fact that the series of 
observations from which they are derived, although the longer includes 
the shorter, are nevertheless inharmonious. The same remarks apply 
to the remaining curves. Figures 10 and 11 constitute a pair derived 
from monthly means with Station 3 as the new point ; Figures 14 and 15, 
a pair derived from the eight-day means with Station. 3 as new point. 

The same disparity which exists between the curves for the entire 
month and the curves for the eight days is found when we pass to the 
curves of individual days, for none of the forms of the curves derived 
from means of observations can be detected in the curves for single 
days. Moreover, the character of the monthly curves (which, represent- 
ing the longer series of observations, are the more authoritative) is not 
such as to indicate the existence of a diurnal period. The angularity 
of curves 8 and 9 cannot belong to a normal daily cycle, and must be 
referred to causes which, in their relation to the daily cycle, are acci- 
dental. And if the angular elements of Figures 10 and 11 were removed, 
the curves would approximate very closely to horizontal lines. The 
Mount Washington observations have therefore afforded no evidence of 
diurnal periodicity in the determination of altitudes. 

If the reader will now compare together all the figures of Plate LYI he 
will see at once that they exhibit the most divergent characters. The 
curves of Strawberry Valley, of the Miesing, of Colfax, and of the Alps 
all represent indubitable, recurrent, diurnal variations, which cannot be 
ascribed to accident^ but they have no single common clement. The 
maximum of the Alpine curve corresponds approximately with the mini- 
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ma of the Miesing and Strawberry Valley curves. The Colfax and Al- 
pine curves agree in making the evening result lower than the morn- 
ing, but the Strawberry Valley curve makes it higher. The Lakeport 
curve and the Gold Bun curve, which depend upon so few observations 
as not to be thoroughly establishecl, agree in form with the Alpine curve, 
while the You Bet curve appears to be related to that of the Miesing. 
The Mount Washington curves, which rest upon longer series of obser- 
vations than any of the others except the Colfax, have a smaller ampli- 
tude than any other, and are so indefinite and discrepant in their char- 
acteristics that they afford no comparative forms. 

If these curves were accordant they would warrant the introduction 
of a diurnal fEictor in the thermic term of the formula, but their dis- 
cordance serves to show that no such diurnal factor could be of univer- 
sal application. The forms of the curves are evidently conditioned by 
some factor besides that of time^ and it is highly probable that that fac- 
tor is one of place. It is conceivable that an inflnence may be exerted 
by latitude, or by proximity to the ocean, or by the relation of the 
neighboring ocean to the prevailing winds, or by the aspect of the 
mountain slope— whether tx)ward the rising or the setting sun — or by the 
approximation in altitude of the new station to the upper base on the 
one hand or to the lower on the other; but a comparison of the curves 
with the various data of locality fails to indicate that any such factor 
alSbrds the key. It is conceivable also that the nature of the curve is 
determined by the modifications of the diurnal movements of the atmos- 
phere wrought by the topographic peculiarities of the localities used as 
stations; and indeed this hypothesis appears to the writer more plausi- 
ble than any other. It is a matter dif&cult to test, however, because, 
in the first place, there is no satisfactory theory of the diurnal move- 
ments of the air, and, in the second place, the relations of the various 
barometric stations to the surrounding topographic features are for the 
most part not recorded. 

An altitude computed by the new formula depends upon the atmos- 
pheric pressures synchronously observed at three stations. At each 
station the pressure is subject to a daily cycle of change^ and every 
variation from one hour to another tends to produce a corresponding 
variation in the computed altitude. The coincident variations at the 
three stations may be such as to neutralize each other in the computa- 
tion, and in that case there is no actual variation in the computed alti- 
tude; but if they do not neutralize each other the computed altitude 
changes somewhat from hour to hour. The amount of this change 
depends strictly upon the three changes in atmospheric pressure, or, 
in mathematical phrase, the variation of computed altitude is a func- 
tion of the variations of pressure at the three stations. If we conceive 
the diurnal pressure cycles of the thvee stations to be represented by 
curves, and the diurnal variation of computed altitude by another curve, 
then we may say that the curve of computed altitude is a function of 
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the three carves of pressure. If the three pressure curves sustain among 
themselves such harmonious relations that the combination of their ele- 
ments produces for each hour the same determination of altitude, the 
curve of computed altitude becomes a straight line. 

Whether or not, therefore, there is a diurnal variation in the coeffi- 
cient of thermic density, the diurnal variations of computed altitude are 
intimately and inseparably associated with those of atmospheric pressure. 

If \re were in possession of the true theory of the diurnal curve of 
pressure, and if we understood the part which topographic surroundings 
play in the determination of the pressure curve of a station, we should be 
able to use this knowledge in the improvement of our hypsometric 
result; but it is by no means certain that we should in such case find it 
best to incorporate a diurnal factor in the formula. Any diurnal fluctu- 
ation which may affect the coefficient of thermic density must have its 
influence upon tiie pressure curves of the. stations, but those pressure 
curves are at the same time the expressions of other influences which it 
is practically impossible to discriminate. It is therefore probable that 
the best method to diminish the errors dependentupon diurnal periodicity 
would be by applying corrections for diurnal variations of pressure di- 
rectly to the barometer readings, after the manner of Williamson. Such 
corrections, if they could be efficiently applied, would eliminate all errors 
affected by a daily period, and would make their separate discrimination 
unimportant. The introduction of a diurnal factor in the thermic term 
of the formula might conceivably counteract the effect of diurnal fluctu- 
ations in the coefficient of thermic density, but would leave untouched 
the greater errors arising from local peculiarities of the daily movements 
of the atmosphere, and might even interfere with the elimination of those 
errors by means of corrections to the barometer readings. 

We are led to conclude, therefore, that while calculations by the new 
formula are subject to errors which have a daily period, and while it 
may at some time be possible to reduce those errors by the application 
of corrections dependent upon topographic relations, it is nevertheless 
impracticable to improve the formula by the introduction of a diurnal 
term or factor. 

The subject of the diurnal movements of the atmosphere, to which 
brief allusion is made in the preceding paragraph, is destined to occupy 
a no less important place in the future studies of meteorologists than it 
has occupied in the past ; and notwithstanding its difficulty and complex- 
ity it is exceedingly attractive. At the risk of obscurity it has been 
given the smallest possible attention in this connection, because, not- 
withstanding its vital importance to precise hypsometry, its discussion 
at the present time can lead only to negative results. It is proper, how- 
ever, by way of corollary, to call attention to the fact that the considera- 
tions invoked to account for the diurnal variations in hypsometric result 
by the new formula, involve an impeachment of one of the postulates of 
the formula. It is postulated by the new formula, as well as by all other 
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hyi)08ometric formulas, that the difference between the observed air 
pressures at two stations expresses the weight of the differential air- 
column. If this were strictly true, the observed variations in the deter- 
mined altitudes from hour to hour could only be due to corresponding 
changes in the coefficient of thermic density. Diurnal changes of thermic 
density must have a certain family resemblance in all localities; but, as 
we have seen, the diurnal curves of computed altitude have no family re- 
semblance, and must therefore be referred, in part at least, to some other 
cause. Hence we are compelled to admit that our primary postulate is 
not strictly true, and that the column of air included between two sta- 
tions may weigh something more or less than the differential column of 
mercury recorded by the two barometric readings. In a general way 
the explanatioa is a simple one. The air is daily heated by the sun, and 
is nightly cooled. The heating and the cooling cause expansion and con- 
traction and therefore give rise to movements. These movements are 
resisted by the inertia of the air, and in the overcoming of this inertia 
there arise disturbances of the normal pressure. The observed diurnal 
changes of barometric pressure are due almost wholly to these dis- 
turbances. They al'e therefore dynamic in their nature; and they are 
beyond the reach of all existing hypsometric formulas, because it has 
been either tacitly or explicitly assumed in the construction of those 
formulas that the air is momentarily in a static condition. 

The great advance that has been made in the dynamic study of the 
vortical or cyclonic movements of the air encourages the hope that a 
general theory of diurnal movements will soon be attained, but the day 
must be far distant when the part flayed by topographic features in the 
determination of diurnal movements will be so far understood that the 
knowledge will be of practicable service in hypsometry. 



3. PROVISION FOR ANNUAL PERIODICITY. 

We have now to consider the annual variation in the quantity of heat 
received from the sun, and to inquire whether there is a corresponding 
annual inequality of the density coefficient. 

It will be recalled that the thermic term of the formula is intended to 
take account of an inequality in atmospheric density depending chiefly 
upon inequalities of temperature. These inequalities of temperature 
are produced by the sun, and their existence depends upon the fact that 
the principal heating of the atmosphere takes place in the stratum next 
the earth, while the compensatory cooling is by radiation from all its 
layers, high as well as low. The sun thus continually disturbs the equi- 
librium of temperature and density by making the lower layers abnor- 
mally warm and rare, and a vertical circulation is thereby produced which 
just as continually tends to restore the equilibrium. The coefficient of 
33 G A 
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thermic density at any moment is a result of^ and an expression for, the 
excess of the solar inflaence over the compensatory influence of vertical 
circulation. It is a priori probable that the amount of this excess is 
greater at seasons when the solar influence is relatively great, and less 
at seasons when the solar influence is relatively small; or that the co- 
efficient of thermic density is greater in summer than in winter. 

If this be the fact, the constant D of the formula ought to be assigned 
diflFerent values at diflferent seasons of the year, and it should be found 
that the application of the formula with a uniform value will give 
different results in different months. If the actual coefficient is greater 
in summer than in winter, it is evident that the use of its mean value 
for the entire year must afford a thermic correction too small in summer 
and too great in winter. Were we, therefore, with the formula as it 
stands, to compute the altitude of a well conditioned station at various 
seasons of the year, we should anticipate that our results in summer 
would be lower than our results in winter. If this anticipation were re- 
realized, and if a harmonious series of results were obtained from several 
localities, it would be possible to deduce from them a modification of the 
formula competent to take account of annual periodh^ity. 

Unfortunately, there is no record of a suitable series of observations, 
and at present the annual variation of the coefficient can be neither 
established nor disproved. It will be instructive, however, to describe 
an attempt that was made to investigate it, because the result, although 
indecisive with reference to the point at issue, has nevertheless served 
to indicate the precautions necessary to be taken in order to reach a 
satisfactory conclusion. 

The Galifomian observations put)lished by Whitney extend over a 
period *of thirty-five months and thus afford curves of computed alti- 
tude for three nearly complete years. The determinations of altitude 
for the individual months have already been given in Table XXIII, and 
the corresponding curves will be found in Plate LVII. The first three 
diagrams of the plate exhibit the variations for the individual years, 
and the fourth shows the monthly means for the entire period. In the 
fourth diagi-am the somewhat irregular line which would be produced 
by connecting the dots representing the determinations for individual 
months, has been replaced by a line of simple curvature, which probably 
expresses approximately the general law of variation. Ai^ inspection 
of the curves for individual years shows that the anomalous elements 
of the mean curve are due to inequalities which do not recur in each 
year, and may therefore be disregarded with propriety in a generalized 
expression. It thus appears that there is an actual annual periodicity 
in the determination of the altitude of Colfax, but it is almost the precise 
reverse of the one it seemed reasonable to expect as an expression of 
annual variation in the thermic constant. Theoretically, the determina- 
tion of altitude should be least in summer, but practically it is greatest; 
theoretically it should be greatest in w inter, but practically it is least 
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The assigament of the observed changes to variations in the coefficient 
of thermic density is therefore inadmissible, and an independent cause 
most be sought. 

A possible cause, dependent upon the limitation of the observations 
at the several stations to three of the twenty -four hours, has already 
been suggested in another place (page 503), but the amplitude of the 
variation, which is indicated by the generalized curve to be approxi- 
mately 20 feet, is too great to be accounted for in that manner. 

Another and more satisfactory explanation is to be found in certain 
considerations dependent upon annual atmospheric gradient. The three 
stations of the Galifomian group are situated upon the long western 
slope of the Sierra !N'evada, a great mountain range which on that side 
faces the Pacific Ocean. Its foot is indeed separated from the ocean by 
smaller ranges, but not in such way as to free its wind from maritime influ- 
ences. It is a general fact that oceans are in summer cooler than the adja- 
cent margins of continents, and in winter warmer than the same margins. 
These differences give rise to corresponding general atmospheric grad- 
ients which in summer are inclined toward the land, and in winter toward 
the ocean. It is therefore to be presumed that the general gradient 
between the highest and lowest Galifomian stations is in summer in- 
clined toward the highest, and in winter toward the lowest. Assuming, 
for the sake of a standard, that the pressure at the lower station is nor- 
mal, that at the upper is abnormally low in summer and abnormally 
high in winter. The same remark applies to the intermediate station, 
Colfax, but by reason of its smaller distance from the lower station 
the amount of its variation of pressure is less. 

. Affecting thus the relative pressures at the lowest and highest sta- 
tions, the gradient affects the apparent weight and apparent height of 
the air column included between their levels ; and in the same manner it 
affects the apparent height of the air column included between the low- 
est station and Colfax. These apparent heights are measured severally 
by the denominator and numerator of a fraction in the formula, and so 
long as they are affected in the same ratio the results given by the formula 
are unmodified. The apparent heights of the air columns are propor- 
tional to the real heights of the upper stations above Sacramento. The 
variations of pressure produced by gradient at the two upper stations we 
may assume to be proportional to their distances from Sacramento. If 
then the heights are proportional to the distances, the gradient cannot 
affect the computations ; but if they are not proportional, an influence 
should be assigned to the gradient. 

As a matter of fact, the distance of Colfax from Sacramento is some- 
thing more than half the distance of Summit, while its altitude above 
Sacramento is only about one-third that of Summit. It results that the 
general gradients affect the estimated altitude of Colfax in greater 
ratio than they do the estimated altitude of the upper base, and thus 
exert a disturbing influence upon the computation of the altitude of 
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Colfax. The nature of this influence is to make the computed altitude 
of Colfax too high in summer and too low in winter. 

Thus the theoretic influence of annual gradient is opposed to the 
theoretic influence of an annual variation of the co-eflScient of thermic 
density, while it corresponds in character with the observed phenomena. 
We have no present means of judging whether it is quantitatively ade- 
quate to explain the phenomena, but recognizing it as a vera causa we 
are permitted to draw no conclusion in regard to the thermic density. 

After the preceding paragraphs had been written, it was discovered 
that a group of stations belonging to the meteorologic system of India 
aftbrded data for the continuance of the inquiry. The figures are pub- 
lished in the official reports for the years 1875-1878, and exhibit monthly 
means for each year. The barometers were read four times daily, at the 
hours of 4 aud 10, a. m. and p. m. The positions of the stations are 
given as follows: 



station. 



Chakrata 
Dehra . . . 
Roorkee. 



North Lati- 
tude. 



80 40 
30 20 
20 fi2 



East Longi- 
tade. 



o / 

77 66 

78 08 
77 60 



Altitnde. 



Feet 
7, 051. 68 

2,232.4 

886.63 



From which we deduce— 



stations. 





• 

Difference 
in Alti- 
tude. 


MOu. 


Feet 


26 


4, 819. 18 


65 


6,164.05 


34 


1,345.77 



Chakrata fW)m Dehra . . 
Cbakrata froo) Roorkee 
Dehra from Roorkee ... 



It is recorded of Dehra and Roorkee that the altitudes of their barom- 
eters were determined by spirit level, and the conciseness with which the 
altitude of Chakrata is expressed probably indicates a like determina- 
tion, although it is not so stated. 

From these data the altitnde of the intermediate station above the 
lowest was computed by the new formula for each of the forty-eight 
months, the vertical space between the extreme stations being assumed 
as a base line. The results appear in Table XXTX and are plotted upon 
Plate LVIIL The first four curves of the plate show the variations in 
tihe computed altitude from month to month for each of the four years 
of observation. The fifth curve is the mean of the four preceding. The 
sixth is a reproduction of the mean curve derived from the Califomian 
observations, — introduced here for comparison. 
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AT THE FOOT OF THE HIMALAYA, 



Table XXIX. 
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Altitude of Dehra, India, above Roorkee, compated from Monthly Means ; the Base 

Stations being Chakrata and Eourkee. 



Month. 



January 

Februaxy 

Maroh I 1,371 



April 

May 

June 

July , 

Augnat — 
S^^ptember 

October 

November . 
Beoember.. 



Year 1,350.3 






187S. 


1876. 


1877. 


187& 


Moan of 
4 Years. 


FetL 


Fut. 


FeeL 


Feet 


Feet. 


1,376 


1,342 


1,339 


1,337 


1,348.5 


1,373 


1,335 


1,337 


1,330 


1. 343. 7 


1,371 


1,335 


1,332 


1,323 


1. 340. 2 


1,361 


1,335 


1,324 


1.312 


1. 333. 


1,349 


1,312 


1,324 


1.319 


1, 326. 


1.335 


1,336 


1,324 


1,316 


1. 327. 7 


1,344 


1,338 


1,324 


1,311 


1, 329. 2 


1,357 


1,333 


1,327 


1,325 


1, 335. 5 


1,332 


1,322 


1.332 


1,327 


1, 328. 2 


1,337 


1,319 


1,333 


1,324 


1,32a 2 


1,331 


1,326 


1,334 


1,327 


1,329.5 


1,338 


1.335 


1,340 


1,328 

1 

1, 323. 2 1 

1 


1,335.2 


1,350.3 


1, 330. 7 


1,330.8 


1. 333. 7 



Considering, first, the mean curve (Figure 5), we see that it exhibits in 
August an aberrant element dependent upon an incongruous result ap- 
pearing in the curve for 1875 and in no other; and wo see, second, that 
it exhibits an aberrant element in May referrible to a still more inccm- 
gnious determination shown by the curve for 187G. If we disregard the 
means for these two months, and draw the curve independently of them, 
as indicated by the dotted lines, we find it assuming a regular form with 
a single maximum and a single minimum. The maximum is relatively 
acute and occurs in midwinter; the minimum is broad and includes the 
entire summer. It therefore agrees in its essential features with the 
one theoretically anticipated, while it differs in every respect from the 
one derived from the Californian observations. 

Comparing, now, the mean curve for the four years (Figure 5) with the 
curves for the individual years, we are able to detect its presence in the 
curves for 1877 and 1878, and less evidently in that for 1875, while the 
curve for the remaining year, 187G, betrays no trace of it. A system 
of corrections based upon it would i)lainly improve the harmony of the 
results in three of the four years, and would, on the whole, work to ad- 
vantage. 

The fact must not be overlooked, however, that the periodic variations 
expressed in this curve are of small magnitude as compared with the 
irregular variations exhibited by the same series of determinations. 
Even when the determinations are grouped by yearly means they ex- 
hibit inequalities greater than those with an annusil period. The value 
of the altitude given by aU the observations of 1875, collectively, is 21 
feet greater than the values afforded by the years 1876 and 1877, and 28 
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feet greater than the value for 1878, while the amplitude of the curve 
of the annual change is only 13 feet. The application of correlations 
derived from the mean curve would therefore diminish the general irreg- 
ularity in small ratio only. 

It must be remembered, also, that the extreme stations of the group 
are separated by a horizontal distanx^e of fifty-five mUes — a space which 
admits the possibility of a large factor of annual gradient. It is true 
that in this case the ocean is^not near; but the lowest station lies at 
the edge of an immense plain, while the highest is upon the slope of the 
loftiest mountain mass of the world, and such contrast of conditions 
can hardly fail to give rise to great periodic movements of the atmos- 
phere. The relation of the vertical and horizontal interspaces of the 
stations is somewhat similar to that of the Galifornlan group ; the in- 
termediate station is vertically nearer the lowest but horizontally nearer 
the highest. 

On the whole, the question of the existence of a general annual period 
in the determination of hypsometric values by the new formula must be 
regarded as unanswered. The Califomian and the Himalayan groups 
of stations give contradictory results; the former inconsistent with theo- 
retic considerations, the latter consistent therewith. The Califomian 
results are manifestly untrustworthy by reason of the proximity of the 
sea, but the trustworthiness of the Himalayan results is not assured. The 
question must remain open until a sufi^cient series of observations has 
been made at some properly conditioned group of stations. In such a 
group the horizontal distances should be small and the vertical great ; 
the intermediate station should be approximately midway between the 
others ; the observations should be equally distributed throughout the 
twenty -four hours, and for at least one year of the series they should be 
hourly ; the locality should be iuland. 

It should be said by way of corollary that if the coefficient of thermic 
density changes with season, it should for the same reason change also 
with latitude and, in general, with local temperature. If, therefore, its 
variability shall at some time be recognized in the formula, it will be 
more logical to employ the general local temperature as its argument 
than to employ the season of year. 



4. ADDITION OF A THIRD BASE STATIOPjr. 

We shall now consider the possible advantage of increasing the num- 
ber of base stations in the vertical series from two to three ; and to 
make clear the bearing of such a, change we shall recaU the analysis of 
the subject of atmospheric density. The general law of the vertical 
distribution of density in the atmosphere is a function of Boyle's law of 
the relation of gaseous tensions to pressures, and is itself here called 
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the logarithmic law. It is simple in its nature and woold need no 
qualification if the atmosphere were homogeneous in temperature and 
in moisture content. The modifying factor dependent upon moisture and 
temperature we have called the thermic density. 

The thermic factor of density is divisible in thought into three parts, 
each of which requires consideration in the solution of the hypsometric 
problem. The first is its mean value, the second its law of vertical dis- 
tribution, the third its rate of vertical change. The mean thermic density 
of any air column is known to vary from day to day and from hour to hour, 
and it is the especial object of the new hypsometric formula to deter- 
mine its value in a given atmospheric column by means of a simultane- 
ous measurement of its value in a similarly conditioned atmospheric 
column of known height. This is accomplished by the aid of two base 
stations, at each of which the pressure of the atmosphere is measured 
as a means of deducing the weight of the column between them. 

The law of vertical distribution of the thermic density is not known, 
but the formula postulates for it a simple nature. It is probable that 
it, too, is subject to variation, and in another section the possibility of 
subjecting it to analysis and discussion will be considered. 

The rate of vertical change of thermic density, or the rate at which 
the divergence of the actual density from the density indicated by the 
logarithmic law increases upward, is likewise known to be variable; 
but in the formula it is assumed to be constant, and its '' constant" value 
finds expression in the denominator (D) of the thermic term. In the 
preceding sections the possibility of making provision in the formula for 
periodic changes of its value has been considered, but no reference has 
been made to non- periodic changes; yet a very brief consideration will 
suffice to show that it is liable to vicissitudes of as irregular a nature as 
those which affect any other atmospheric factor. 

The vertical distribution of moisture and temperature is controlled 
prin^arily by the vertical circulation of the air, or rather by the relation 
of that circulation to the inequality of its heating by the sun. If the 
rate of vertical change were dependent upon that cause alone, it might 
be approximately equable, but it is really influenced by a variety of other 
factors, the most important of which is probably the horizontal circula- 
tion. The horizontal movements of the upper and lower strata of the 
atmosphere, at any locality, are frequently in different directions, and the 
movements of the upper strata are usually more rapid than those of the 
lower. The relations between the densities of high and low layers, so 
far as these are controlled by temperature and moisture, are therefore 
to a great extent independent of local conditions, and are liable to 
changes both abrupt and great whenever the winds change. 

Every such change occasions a corresponding change in the rate of 
vertical increase of thermic density, and consequently in the actual 
value of the constant D. It would appear desirable then that some 
means be employed to ascertain the value of that constant in the field 
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of hypsometric work at the moment of barometric measurement. Onr 
attempts to ascertain the inean value of the constant have been by com- 
putations based upon pressure observations at groups of three stations 
whose differences of altitude were known, and it appears perfectly fea- 
sible to ascertain its tnomentary value by the same method. To do so 
would require the establishment of an additional base station, so as to 
make the series consist of three bases instead of two, and as this would 
proportionately increase the expense of the hypsometric work, the con- 
sideration of economy demands that it shall first be shown to yield a 
compensatory advantage in precision. 

The general principle upon which the new hypsometric method is 
based is that of determining the condition of the atmosphere at the 
moment of hypsometric measurement by means of a direct measurement 
of the density of a comparable column of known height. As the formula 
stands, only the mean density is determined by direct measurement. 
By the aid of a third base station, not only the mean density,. but the 
rate of variation of the thermic density, would be measured. 

It is easy to adapt the formula to this change. Astmme that the new 
base station is placed intermediate in height between the upper and 
lower, and represent its barometer reading by t. Call the readings at 
the upper and lower base stations, as before, u and Z, and that at the 
new station n. Eepresent by B the height of the upper base station, 
by h the height of the intermediate base station, and by A the height 
of the new station — all vertical distances being referred to the lower 
base station as an origin. Then, by the formula already developed, 

A = B!«ff!-!«gl+A(B-A) . . . (18) 
log i — log w D 

and 

ft = B[?8-i-!«Sl + ^-*) .... (19) 
log / — log M D 

Prom (19) we obtain 

D=-_l(?^-^) (20) 

j_gl0gj-l0g_t 

log I — log u 

in which all the quantities of the second member are known. Substi- 
tuting in (18) the value of D given by (20), we have 

^ log ^-^ log 71 . A(B-A) .^y. 

-^ = ^ log~^— logl^ + J_ (B ~ h) • • ^"^^^ 

log I — log u 

an equation in which A only is unknown. B and h are, by postulate, 

known altitudes; and i, w, i, and n are observed barometric pressures. 

K the law of the vertical distribution of thermic density were simple, 

or even if it were invariable, the application of this formula should give 
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resnlts of the ntmost nniformity; but it is evident that any disturbiDg 
causes, Buch as have been described, which induce abrupt changes in 
the rate uf vertical variation, must also interrupt the vertical continuity 
of the laic of distribution. It is not to be anticipated, therefore, that 
the application of the formula, even under the most favorable conditions, 
will eliminate all irregularities from hypsometric results. Theoretically, 
however, it should diminish those irregularities; and if it does so in 
any notable degree, there may be an economic advantage in the intro- 
duction of the third base station. The true test of the question is the 
practical one, and to this we now proceed by discussing the only avail- 
able series of observations applicable to it. 



Fla. ao. Profile of the WmIatd Pace of UaiiDtWaah<D(rtaD, showing the Podtlona or the 
Mstootologio Station* in June, ISIS. 

The four stations upon the profile of Mount Washington have the 
relative positions indicated by the accompanying diagram. Station 1 
is upon the summit; Station 2 is about SOO feet lower, and the descent- 
to it is very steep ; Stations 3 and 4 are so far down the valley whicb 
drains the mountain upon the west that they are somewhat shut in by 
spurs. They rest upon an easy slope, but nevertheless they are fairly 
upon the Sauk of the mountain, and the distance of the lowest from the 
summit is only three miles. For the purpose of comparison the altitude 
of Station 2 above Station 4 was first computed by reference to Stations 
1 and 4 jointly, and second by reference to Stations 1, 3, and 4 jointly. 
The formula applied in the first case was that given in Equation (7), on 
page 442; in the second case, that given in Equation (21). Three series of 
computations were made. In the first series the means of the barometric 
pressures at the several stations for each day of the month of Juue, 1873, 
were used, each method affording thirty indei>eudent results, which are 
exhibited in full in Table XXX. For the second series the hourly means 
of the month's observations" were used, the results affording twenty- four 
comparisons. For the third series the individual hourly observations for 
the period of eight days, from June 32 to Jane 29, were used, affording 
one hundred and ninety.two comparisons. The second and third series 

•See Table XXVin. 
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of results are not here published in Ml, but are summarized in Table 
XXXI, from which it appears that whether the observations are taken 
individually, or by hourly means, or by daily means, the triple base yields 
a more uniform result than the double. The variation of the individual 
results among themselves appears to be reduced about 25 per cent by 
the use of the intermediate base station. 



Table XXX. 

Determinations of the Height of Station 2, Mount Washington, firom Daily Means of 

Barometric Pressnre. 



I>ftt«. 



Base Stftttons. 



Stations 1 and i. 



Jane 1 

2 

8 

* » 

6 

6 

7 

8 

9 

10 

11 

12 

18 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23-. 

24 

25 

26 

27 

28 

29 



Altitude. 



Feet 
2, 705. 6 
2,781.1 
2,825.6 
2,825.9 
2,801.9 
2,827.1 
2,819.7 
2,835.9 
2, 831. 3 
2, 831. 2 
2,813.9 
2.808.5 
2,830.2 
2.839.4 
2,825.5 
2,826.2 
2, 769. 8 
2,800.9 
2, 812. 
2,797.9 
2, 792. 5 
2,822.7 
2,837.8 
2,838.8 
2,837.5 
2,827.1 
2,814.9 
2,814.3 
2,833.2 
2,839.5 



2,818.6 



ResidnaL 

Feet. 
-23.1 
-37.6 
+ 6.9 

+ 7.2 
-1&8 

+ a4 

+ 1.0 
+17.2 
+12.6 
+12.6 

- 4.8 
-10.2 

+11.5 
+20.7 
+ 6.8 
+ 7.5 
-48.9 
—17.8 

- 0.7 
—20.8 
-26.2 
+ 4.0 
+1&6 
+20.1 
+18.8 
+ 84 

- 3.8 

- 4.4 
+14.5 
+20.8 



14.6 



Stations 1, Z, and 4. 



Altitade. 



FeeL 

2. 819. 7 
2,796.2 
2,826.2 
2,836.5 
2.814.8 
2,827.7 

2. 819. 8 
2,834.9 
2,883.3 
2,832.6 
2,828.1 
2, 816. 1 
2, 830. 1 
2.837.4 
2,824.4 
2.828.4 
2,778.7 
2,800.2 
2,815.8 
2,808.5 
2,796.8 
2,812.7 
2.818.9 
2,823.2 
2,820.9 
2,817.6 
2,809.6 
2,808.6 
2,816.0 
2,822.3 



Besidnal. 



2,81&6 



Feet 
+ LO 
-22.5 

+ 7.5 
+17.8 

- 8.9 
+ 9.0 
+ 1.1 
+16.2 
+14.6 
+13.9 
+ 9.4 

- 2.6 
+11.4 
+18.7 
+ 5.7 
+ 9.7 
-40.0 
— 1&6 

- 2.9 
—10.2 
-22.4 

- 6.0 
+ 0.2 
+ 4.5 
+ 2.2 
-1.1 

- 9.1 

-lai 

- 2.7 
+ 3.6 



9.9 
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Table XXXI. 

Comparine Mean Besidoals of Determinations of tlie Height of Station 2, Mount 
Waahington, by means of Two Bases and by means of Three Bases. 



^ 



ObMTTStioins. 


Base Stations. 


Ratio. 


Stations 1,4. 


Stations 1. 8. 4. 


80 dally meoos 

HoQrlv mMiw for th^ month of Juno ^^.,-,^^,, 


FmL 

14.0 

2.2 

1L8 


FaeL 
0.9 
1.6 
9l4 


100: 08 
100:78 
100 : 80 


' 192 indlTidtinl bourn: Jnno 23 to Jnno 20- ....... . 




Mf4m 




# 


100: 75 


1 





There is one featare of this table the appearance of which was not 
anticipated, and which has led the writer to extend the inquiry. It is a 
familiar general fact that the employment of ^means of observations in 
computations of this character diminishes the discordance of results, 
but in this particular case the determinations from thirty daily means 
are less accordant than the determinations from obsei-vations at the 
individual hours of the eight-day series. It would appear, therefore, 
that there is some disturbing factor which is subject to great variation 
from day to day and whose influence neither formula succeeds in elimi- 
nating; and it is manifestly important to our discussion that the nature 
of this factor be ascertained. 

In Plate LIX various data derived from daily means of the month's 
observations are plotted, so as to exhibit their relations to the eye. 
The vertical lines indicate days and the horizontal lines for each of the 
upper four curves indicate computed altitudes, the space between each 
two consecutive lines representing ten feet. The curves therefore pre- 
sent the daily variations of computed altitude. In the computations 
affording the first curve the determined point was Station 3 and the 
base stations or reference points were Stations 2 and 4. In the case 
of Figure 2 the new station was the same, but the reference x>oints were 
Stations 1 and 4. In the computations for Figures 3 and 4 the new 
station was Station 2, and the reference points were Stations 1 and 4 
and Stations 1, 3, and 4, respectively. Figures 3 and 4 are plotted from 
the data contained in Table XXX. 

An inspection of these curves shows, first, that they have a general 
similarity, differing chiefly in the magnitude of their undulations; 
and, second, that their most aberrant elements are minima, the maxima 
not ranging so far from the mean line. A comparison of the third curve, 
which was derived from a computation by means of two bases, with the 
fourth curve, which represents the same quantity derived from a com- 
putation by means of three bases, shows that the effect of the addition 
of the third base station was to diminish, but not remove, all the greatei 
inequalities. 
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The carve exhibiting the least irregularity (Figure 1) is the only one 
derived independently of the observations at Station 1; and by this we 
are led to suspect that the influence of the disturbing factor is especially 
exhibited by the observations at that station. This suspicion is strength- 
ened by a comparison of Figures 2 and 3, for the nature of the computa- 
tions upon which they are based is such as to give a relatively small 
influence to the observations at Station 1 in the determination of the 
elements of Figure 2. In searching for the disturbing factor, we are 
therefore led to give especial attention to the observations made at 
the summit. 

The published record of the observations gives for each of the four 
stations, not merely the barometric pressure, but the temperature and 
humidity of the air, the direction and velocity of the wind, the character 
and extent of the clouds, and the amount of precipitation; and thus 
enables us to compare our hypsometric variations with all the important 
meteoric factors. The curves of computed altitude were compared in 
turn, flrst, with the general humidity of the air; second, with the 
difference between the humidity observed on the summit and that ob- 
served at the lower station ; third, with the rainfall ; fourth, with the 
prevalence of clouds, and especially with the presence or absence of 
clouds enveloping the summit of the mountain ; fifth, with the force of 
the wind, especially on Station 1 ; sixth, with the direction of the wind, 
especially on Station 1; seventh, with the temperature on Station 1; 
eighth, with the general temperature of all the stations; ninth, with the 
progressive rise and fall of the barometer; and tenth, with the difference 
between the atmospheric pressures on Station 1 and on Station 4. 
Among all these factors only two were found to exhibit any sympathy 
with the variations in computed altitude, the flrst being the general 
temperature and the second the wind. 

The curve at the bottom of the plate (Figure 6) shows the oscillation of 
the mean temperature at the four stations, taken collectively, during the 
month,* and it is evident that there is a general correspondence of its 
maxima and minima with those of the most strongly marked curves of 
computed altitude. Whenever the hypsometric results were especially 
low the general temperature also appears to have been exceptionally 
low. ]^evertheless, there appears no good reason to believe that the 
variations in the computed altitude were caused by the variations in 
temperature, for the only manner in which the temperature of the air 
can affect computations of altitude by the new formula is through differ- 
ences of temperature between higher and lower layers of the air, and 
the records show that the differences of temperatui'e between the high- 
est and lowest stations of the series underwent far less change than the 
general temperature, — and, moreover, that its changes did not sympathize 



* In the derivation of these moans the observations for the entire twenty-four hoars 
were not employed, bat only those at 7 a. m., 2 p. m., and 9 p. m., that at 9 o'clock 
roceiving doable weight. 
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with the hypsometric variations. Our attention is therefore directed 
to the wind as the most probable scarce of the difficulty. 

In the relation of the wind to the hypsometric results, not only force 
but direction and locaHty are concerned. That is to &ay, at one of the 
stations a great influence appears to have been exerted by wind in a 
certain direction — an influence proportioned to its strength — while winds 
from other directions had comparatively little influence. As will be 
shown in the sequel, the potent wind was that from the northwest (in- 
cluding also the north and west winds), and when that blew, all deter- 
minations of altitude involving the summit as a base station were com- 
paratively low. Figure 6 of the plate exhibits for each day the total 
amount of wind reaching Station 1 from the northwest, expressed in 
miles, and a comparison with the curves above shows the close sympathy 
between the wind and the hypsometric results. 

There are several different ways in which wind may be conceived 
to influence the computation of altitude. In the first place, it may 
by mere horizontal transfer give to the upper parts of the local atmos- 
pheric column an abnormal and incongruous temperature or degree 
of humidity. The winds upon the summit of Mount Washington are 
of great velocity as compared with those at the lower stations, and not 
unfrequently have a diffierent direction, and it must often happen that 
they bring about changes in the condition of the upper strata of air 
which are not immediately shared by the lower. ^Nevertheless, when 
the record is scanned to ascertain the nature of these changes, it is found 
that in the case in question the cold air introduced from the northwest 
has very quickly brought the temperature of the valley into a normal 
relation with that at the summit, and th<at the difi'erences in moisture, 
although they have frequently been considerable, have not been of such 
nature as to account for the variation of altitude determinations. 

A second method of connecting winds with hypsometric inequaUties 
is by means of gradients. The prevalence of a high wind upon the 
summit of the mountain, even though the valley at its base is possessed 
by a calm, is indicative of gradient; but the most rapid gradient it is 
possible to assign to it would amount to very little in the short space 
of three miles, and could not a<5C0unt for more than the tenth part of 
the observed discrepancies in computed altitude. 

A third manner in which the wind might exert an influence, and the 
only manner in which its influence appears competent to produce the 
results, is by affecting the tension of the air in the observatory. It has 
already been pointed out that the wind tends to modify the tension of 
the air in every room to which it has access, rendering it abnormally 
great in some cases, and abnormally small in others, and that the effect 
produced in any particular room may vary with the direction of the 
wind. In the case of the Mount Washington observatory we do not 
know what the arrangement of the apertures was during the making of 
these observations, and even if we did know we might be unable to de- 
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termine deductively their inflaence upon the barometer; bnt we have 
reason to believe that such velocities of wind as were recorded by the 
observer are competent, under suitable conditions, to affect the barome- 
ter as it seems to have been affected, and we are therefore permitted, in 
the absence of other explanation, to ascribe the anomalies of the hyp- 
sometric results to errors wrought by the horizontal pressure of the wind 
in the observations of the vertical pressure of the atmosphere. 

A further illustration of the same relation appears in Plate LX, where 
a series of altitude determinations from individual observations are 
compared with the simultaneous velocities of the wind upon the summit. 
The first and second curves show for three consecutive days the hourly 
variations in the determinations of the altitudes of Stations 2 and 3, 
referred to two base stations (1 and 4). The third curve shows the cor- 
responding variation in the altitude of Station 2, as computed by the aid 
of three bases (1, 3, and 4). The fourth curve gives the recorded veloc- 
ity of the wind at Station 1, in miles per hour, the direction of wind 
being continuously from the northwest. I^ot all the oscillations of the 
hypsometric curves reappear in the wind curve, but the greater num- 
ber of them do. 

These comparisons of curves, however, serve to do little more than 
illustrate the general relations of the phenomena. More precise conclu- 
sions have been reached by a series of classifications, to which we now 
proceed. The plotted wind curves refer to a single station only, but 
while that station experienced the strongest winds, the other three were 
yet subject to winds of greater or less force, and the inquiry would be 
incomplete if these were ignored. We have therefore classified the 
winds at each of the stations according to the magnitudes of the coin- 
cidently determined altitudes. For this purpose we have employed the 
series of determinations made from the hourly observations during the 
eight days from June 22 to June 29. The determinations of the altitude 
of Station 2 above Station 4 by reference to Stations 1 and 4 as bases, 
range from 2,775 feet to 2,859 feet. We have grouped these in four 
divisions, as indicated by the first column of Table XXXII, the first 
group embracing a range of 25 feet and the other three groups of 20 
feet each. For each station we have taken from the published record 
the corresponding wind velocities at the three stations involved in the 
computation, and for each group we have added these velocities and 
obtained their arithmetic mean ; the mean velocities appear in the third, 
fourth, and sixth columns of the table. A parallel series of computa- 
tions, by which the altitude of Station 3 was derived from Stations 1 and 
4 as bases, has been treated in the same manner, and the figures are 
arranged in the second division of the same table. A third series of 
computations, by which the altitude of Station 3 was deduced ficom 
Stations 2 and 4 as bases, has been similarly treated, and the results 
embodied in the third and lowest division of the same table. 
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Inspecting the table, we note, first, that the mean wind at Station 3 
and Station 4 was in all cases light, and that the numbers expressing it 
do not form progressive series as they stand in the table. As a matter 
of fact, the wind at those stations did not at any time daring the eight 
days exceed ten miles per hour in velocity, and its influence upon the 
computations has in no wise been detected. 

The wind at Station 1 attained a maximum velocity of forty miles per 
hour, and its mean velocities for the different groups of determined alti- 
tudes, as exhibited in the table, are not only of notable amount in some 
instances, but they form in each case a strongly characterized, progres- 
sive series, the strongest wind corresponding to the lowest determina- 
tion of altitude, and vice versa. In the two cases here cited, Station 1 
is regarded only as an upper base station, and the first and second 
divisions of the table agree in showing that the influence of wind at 
that station tends to diminish the dependent determinations of the 

altitudes of lower stations. 

Table XXXII. 

Velocities of Wind at Stations on Mount Washington, Arranged According to Corre- 
sponding Detenninatious of Altitude. 



Altitude of station 
2, computed from 
StatiosB 1 and 4. 


Number of 

9 

43 

108 

32 


Mean Velocity of Wind, in Miles per Hour. 


At Station 1. 


At Station 2. 

1 


At Station 8. 


At StaUon 4. 


. 2775-99 
2800-19 
2820-89 
284(M>9 


20.9 

17.4 

5.0 

3 8 


19.4 

17.4 

9.4 

6u2 




3.9 
3.6 
3.4 
8.5 






.. ............ 


Stations, compnt- 
ed from Stations 
land 4. 












1210-29 
1230-49 
1250-89 
1870-79 


10 

60 

117 

5 


2a3 




2.6 

2.8 
2.8 
1.8 


2.7 
8.6 
S.5 
2.8 


13.5 




4.7 
5.0 








Station 8, comput- 
ed fh>m Stationa 
2 and 4. 












1210-29 
123049 
1250-89 
1270-79 


4 

60 

127 

1 




15 7 j 2.2 
12. 2 2. 


2.0 
3.5 
3.5 






10.1 
8.0 


3.2 




0. 1. 









At Station 2 the maximum wind was thirty miles per hour, and the 
means, just as in the case of Station 1, form progressive series, the max- 
imum velocities corresponding to low determinations of altitude and 
the minimum velocities to high. The sympathy of the wind with the 
altitude is less perfect in this case, however, than in the case of Station !• 
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Moreover while Station 2 is the upper base station in the case rep- 
resented by the third example of the table, it plays the role of new 
station in the first example; and this difference of relation has an im- 
portant bearing upon the interpretation of the figures. The barometer 
reading at Station 2 enters the computations in the two cases in such 
different ways that errors of the same nature have opposite influences 
upon the determinations of altitude. If, therefore, Station 2 as upper 
base station affords altitudes varying inversely with the force of the 
wind, as new station it should afford altitudes varying directly with 
the force of the wind. The indications of the two divisions of the table 
are therefore contradictory, and to harmonize them it seems necessary 
to assume that the more powerfal winds upon Station 1 dominated in 
those computations involving both Station 1 and Station 2, and com- 
pelled the winds at Station 2 (asually sympathetic) to fall into the table 
in an order not truly representative of their influence in the computa- 
tions. However this may be, the second and third cases exhibited by 
the table are preferable for the purpose of the investigation, because 
each includes only one station characterized by strong winds, and atten- 
tion will be directed in the next procedure exclusively to them. 

Having thus ascertained that the velocities of wind at Stations 1 and 
2 are related to the magnitudes of altitudes determined by computations 
in which those stations enter as bases, and having reason to think that 
this relation is one of cause and effect, we now proceed to inquire how 
great effects are produced by winds of given velocities. For this pur- 
pose we reverse our previous process ; first grouping the observations of 
wind according to velocities, and then determining the means of the cor- 
responding computed altitudes. In the first case, winds were arranged 
according to computed altitudes; in the second, computed altitudes ac- 
cording to winds. 

Table XXXIII. 

Hourly Determinations of Altitnde at Mount Vfi^ashington for eight days in Jnne, 1873, 

Arranged According to the Velocity of the Wind. 



VelocityofWind 
at SUtlon 1, in 
miles per hour. 


Altitude of Station 8, deter- 
mined from Stations 1 and 4 
as Bases. 


VelocityofWind 
at Station 2, in 
miles per bonr. 


Altitnde of Station 8, deter- 
mined fhmi Stations 2 and 4 
as Bases. 


Nnmber of 
Independent 
Determina- 
tions. 


Mean Altitude. 


Number of 
Independent 
Deter mina> 
Uons. 


Mean Altitnde. 


0-5 

e-15 

16^ 

29-35 

86-40 


06 
60 
10 
13 
4 


F§et 

1,254 

1,251 
1,248 
1,281 
1,228 


0-5 

6-15 

16-25 

26-80 


46 

07 

48 

6 


Feet 
1,268 

1,254 

1,248 

1.240 









Table XXXm comprehends two divisions. In each the determined 
altitnde is that of Station 3 above Station 4, bnt in the first the npper 
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base station is Station 1, while in the second it is Station 2. The first 
colnmn in each division defines the groups of wind velocities at the upper 
station, the first group including all velocities from to 5 miles per hour, 
and each succeeding group (except the last) including a range of 10 miles. 
The second column shows how many sets of observations fall within each 
group, and the third gives the means of the corresponding altitudes. 
The altitudes dependent upon the summit station as one of the bases 
exhibit a perfect sympathy with the velocity of the wind, forming a pro- 
gressive series with a range of 26 feet. The altitudes dependent upon 
Station 2 exhibit a less perfect sympathy with the wind velocity and 
do not form a consistent series. Their range is G feet only, and they 
indicate that the influence of the wind is there very small. Neveiliie- 
Icss, the ways in which the barometer readings of Station 1 and 
Station 2 respectively enter into the computations of the altitude of 
Station 3 are such that the errors in the readings at Station 2 should 
have the greater influence. We are at liberty to conclude, therefore, 
that the element of locality enters largely into the influence of the force 
of wind upon the reading of the barometer, and that its influence was 
much greater upon the barometer read at the summit than upon that 
read at Station 2. In continuiug the investigation for the purpose of 
learning more definitely the nature of the effect of the wind, we shall 
consequently restrict our attention to computations involving only 
Station 1, where the wind had greatest influence, and Stations 3 and 4, 
where its velocity was never great. 

The next point to consider is 'the part played by the direction of the 
wind, for it has appeared by inspection of the record that some winds 
are more x>otent than others. In pursuance of this inquiry the hourly 
determinations of altitude for the eight June days were plotted upon 
section paper in such way that the horizontal scale represented heights 
and the vertical scale wind velocities. Each individual determination 
was indicated by a dot, and the color of each dot was made to show the 
corresponding direction of the wind. Displayed in this way, the deter- 
minations were seen to fall in two principal groups, the first of which 
included those associated with the north, northwest, and west winds, 
and the second those associated with the east, southeast, south, and 
southwest winds. The determinations corresponding to northeast winds 
were too few and too widely scattered to be confidently assigned to 
either group. A transcript from this plotting is given in Plate LXI, 
where the upper figure represents the northerly group and the lower the 
southerly. The determinations made during the existence of a calm 
appear in both figures, since the calm is the zero for all directions of 
wind. The vertical scale in each figare represents velocities of wind 
upon Station 1, in miles per hour; the horizontal scale represents com- 
puted altitudes, in feet, of Station 3 above Station 4. 

The sympathy of the computed altitude with the velocity of north- 

34 a A 
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westerly winds is exliibited in Figure 1 by the drifting of the upper dots 
to the left and of the lower dots to the right, while the absence of this 
sympathy in the case of the remaining group of winds is shown by the 
fact that in Figure 2 no one of the higher dots falls without the hori- 
zontal range of the determinations corresponding to a calm. 

It happens, however, that during the eight days for which the hourly 
computations were made, there were no winds from the south or east 
comparable in force with the strongest winds from the northwest, so 
that the comparison exhibited by the plate is not entirely satisfactory. 
Indeed, the dots pertaining to the southerly group of winds really fall 
within the range of the dots pertaining to the northwesterly, and they 
are so few in number that the direction of their driGt cannot be confidently 
asserted. To secure a more definite result a few additional computations 
were made, and the data for Table XXXIV were assembled. 

Table XXXIV. 

Relation of Computed Altitndes of Station 3, on Mount Washington, to the Direction 

of Wind at Station 1. 





Wind with Velocity of 20-dO MilM 
per Hour, from the— 


Ko Whid. 


1,278 1,262 1,250 1,256 
1,272 1,263 1,258 1,255 
1,270 1,261 1,258 1,254 
1,269 1,261 1,258 1,254 

1.267 1.261 1,258 1,253 
1,266 1,261 1,257 1,258 
1,266 1,260 1.257 1,253 
1,265 1,260 1,257 1,253 
1,265 1,260 1,257 1,252 
1,264 1,260 1,257 1,252 
1,264 1,260 1,2S6 1,252 
1,264 1,260 1,256 1.251 
1,264 1,260 1,256 1,250 
1,263 1,259 1.256 1,248 
1,263 1,250 1,256 1,248 
1,263 1,250 1,255 1,248 

1.268 1,250 1,255 1,247 

1,246 


K.W. 


S. W. 


1 


Feet. 

1,200 

1,258 
1,247 
1,244 
1,243 
1,239 
1,236 
1,285 
1,235 
1,284 
1,234 
1,228 
1,227 
1,221 


FteL 
1,267 

1,266 

1,265 

1,262 

1,250 

1,257 

1,255 

1,254 

1,252 

1,249 

1.240 

1,240 

1,241 


Heon.. 


1,289±2 


1,256±2 


l,26&5:fca5 



The first column contains heights selected ficom the eight-day series 
of determinations, and includes all the values of the altitude of Station 
3 determined during the prevalence on Station 1 of a wind from the 
northwest with a velocity from 20 to 30 miles per hour. To obtain the 
corresponding quantities in the second column the entire record for the 
month was searched, and a similar computation of altitude was made 
for each hour at which the wind upon Station 1 was from the southwest 
and had a velocity of 20 to 30 miles. The third column, which is divided 
on account of its length into four parts, contains all those determina- 
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tioiis of the eigbt-day series made when the wind on Station 1 did not 
exceed 2 miles per hour. The first colnmn represents, by 14 examples, 
the effect of a 25-mile wind from the northwest; the second column, 
by 13 examples, the effect of a 25-mile wind from the southwest; the 
third column, by 69 examples, the influence of a calm. For facility of 
comparison the numbers in each column are arranged in numerical 
order. Comparing first the northwest wind with the calm, it will bo 
perceived that the mean of the determinations affected by the former 
is 10^ feet less than the mean of the determinations affected by the latter. 
That this difference is' not accidental is attested, first, by the fact that 
the probable errors of the two determinations are comparatively very 
small, and, second, by the fact that the two series of numbers do not 
greatly overlap. Only a single determination with northwest wind is 
greater than the mean of those with no wind, and there is no determina- 
tion of the no- wind series so small as the mean of those with northwest 
wind. The influence of the northwest wind is therefore clearly revealed. 

Comparing now the southwest wind with the calm, we find that the 
means of the two corresponding series of determinations differ from each 
other by 2i feet only, an amount which is accounted for by their proba- 
ble errors — ^that is to say, the determinations approach each other within 
the range of their uncertainties. We cannot affirm, therefore, that the 
southwest wind exerts any influence upon the determination of altitude. 
K it does exert any it certainly is slight as compared with that of the 
northwest wind. 

We need not extend the comparison, for the precise influence of indi- 
vidual winds at the given station at the given time is not a matter of 
present importance. It is sufficient to have established the fact that not 
all winds exerted the same influence, but that direction, as well as ve- 
locity, was concerned in the perturbations of the barometer. 

Having ascertained that the observations at Station 1 were more 
influenced by wind than those at Station 2, and that the northwest 
was one of the more potent winds at Station 1, we now proceed to seek 
a quantitative expression for the influence of that wind. For this purpose 
it is desirable to contrast the strongest winds with a calm. The record 
for the entire month has accordingly been searched and two series have 
been selected, the first characterized by winds with velocities from 50 to 
56 miles per hour, the second by winds with velocities from 60 to 68 
mUes. The first series numbers ten, the second seven. For each hour 
of each series the altitude of Station 3 has been computed, as in the last 
example; and the resulting determinations will be found in the second 
and third columns of Table XXXY. The first column of the table 
repeats irom the preceding table the numbers corresponding to a calm. 
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Tablk XXXV. 

LColatlon of Compated Altitadcs of Station 3, Monut Washington, to the Velocity of 

the Northwest Wind at Station 1. 









Rnported Velooity of Wind, in Miles pel Hour. 


• 




0to2. 


50io56. 


60to6& 




1,273 


1,264 


1.261 1,259 


1,257 


1,255 


1,252 


1,234 


1,218 


• 


1,272 


1,264 


1,261 1,259 


1,257 


1,255 


1.252 


1,231 


1,216 


1 


1,270 


1,264 


1. 261 1, 259 


1,257 


1,255 


1,251 


1.230 


1,214 


1 


1,268 


1,263 


1, 260 1, 259 


1,257 


1.254 


1,250 


1,229 


1.207 


^ 


1,207 


1,263 


1,260 1,259 


1,256 


1,254 


1,248 


1,226 


1,205 


i 


1,266 


1,263 


1,260 1,258 


1,256 


1,253 


1,248 


1,226 


1,192 


1.266 


1,262 


1,260 1,258 


1,256 


1,258 


1.248 


1,225 


1,185 


s* 


1,265 


1,262 


1,260 1,258 


1,256 


1,253 


1,247 


1,223 




o 


1,265 


1,262 


1, 260 1, 258 


1,256 


1,253 


1,246 


1,223 






1,264 


1,261 


1, 260 1, 257 


1,255 


1,252 




1,221 




Kean. 


1,25&5±0.5 


l,226.8i:0.8 


1,205.8^:3.2 



The series of numbers in the three colamns are mutually exclusive. 
The altitudes computed during a c<alm, range from 1,273 to 1,24G feet; 
those during the prevalence of a 50-mile wind, from 1,234 to 1,221 ; 
those during the prevalence of a 60-mile wind, from 1,218 to 1,185. 
This phenomenon cannot be referred to temporary conditions or other 
accidents. The observations represented by the first series are scattered 
through eight days; those affording the 50-mile series of altitudes, 
through a period of five days. Only the observations for the 60-mile 
series are grouped closely together in the record. 

The same mutual exclusiveness is indicated by the probable errors of 
the means, which it will be seen are very small as compared to the dif- 
ferences between the means. The mean altitude determination affected 
by the 50-mile winds is 31.7 feet smaller than that affected by a calm, 
and the probable error of this difference is only iz 1 foot; while that as- 
sociated with the 60mile winds is 53.2 feet smaller, with a probable 
error of =b 3.2 feet. 

It remains to compare the dynamic equivalents of these errors in com- 
puted altitude with the pressures of the corresponding winds, and to 
accomplish this we shall estimate each in terms of the mercurial inch. 

The measurement of the wind on Mount Washington was made by 
means of a cup-anemometer, an instrument recording the velocity of a 
set of cups revolved by the wind. Theoretically, the velocity of the 
wind is three times that of the cups, and in the velocities reported by 
the Signal Service the iactor 3 was used in the reduction. It has been 
more recently ascertained by Dohrandt, however, that in practice the 
revolution of the cups is more rapid, and that the proper factor for such 
an instrument as that used on Mount Washington is 2.4 instead of 3*. 

* Eopertoriam fur Meteorologio. Memoir No. 5, 1878. BestimmnDg der Anemometer- 
Constanten, von F. Dohrandt. 



OIUKKUT.] 



PBESSURE v£rSU8 SUCTION. 



533 



Tho recorded velocities are therefore too great and need to be reduced 
twenty per cent. After making this allowance, the mean velocity of 
wind corresponding to the second column of Table XXXV is found to be 
4 1.G, and that corresponding to the third column 50.2 miles. The equiva- 
lent pressures, expressed in inches of tho mercurial column, are .122 and 
.177. These numbers appear in Table XXXVI. 

Assuming, as we certainly are warranted to do, that the synchroDous 
variations in the computed altitude of Station 3 are due to perturbations 
of the barometer at Station 1, we proceed to ascertain the nature and 
amount of those perturbations. It is needless to detail the computation, 
which can be readily inferred from the part played by the pressure at 
Station 1 in the computation of altitude. Suffice it to say that the 
change in the barometric pressure at Station 1 necessary to produce 
the observed variation in the determined altitude of St.ation 3 is .078 inch 
in the case of the weaker wind and .132 inch in the case of the stronger. 
The nature of this change is a depression — ^that is to say, in order to 
accoant for the diminution in the computed altitude we must assume 
that the barometer was relatively low during the prevalence of the 
stronger winds. The effect of the wind was therefore to diminish the 
tension in the observatory at Station 1, and not to increase it. 

Comparing now the deduced depression of the barometer with the 
coincident pressure of the wind, we find that it approaches the latter 
in amount but does not equal it. In the case of the less violent wind, 
the barometric depression is 6i per cent of the barometric column 
expressing the force of the wind, and in the case of the more violent it 
is 75 per cent. (See Table XXXVI.) 

Tablb XXXVI. 

Comparison of the Pressnres of High Northwest Winds on Monnt Washington with the 

Coincident Depressions of the Barometer. 



Nnmbw of otMfOTfttiflnfl 


Series I. 


Series n. 


Series ITT. 


60 





125&5t0.5 




10 

63.0 
4L6 
.122 

1236. 8±0. 8 
— 81.7 
.078 

.64 


« 

7 

62.7 
50.2 
.177 

120S.3±3.2 
^53.2 
.132 

.76 


Mean Telocity of wind (recorded) in mileeper hour 

Mean velocity of wind (deduced) in miles per honr 

Pressuie of wind, expreeaed in Imrometric inches (A) 

ComDuted altitude of Station 8 (mean), in feet 


Error in computed altitude caused by wind, in feet 

Equivalent depression of barometer on Station 1 (B) 

Ratio of barometric depression (B) to synchronous press* 
ureof wind (A) 







It has been shown by Hagemann by a series of ingenious experiments 
that the power of snction exerted by the wind in blowing over an aper- 
ture approximates closely, under favorable conditions, to the force of the 
wind; and there appears warrant for his conclasion that the quantitative 



534 MEASURING HEIGnXS WITH THE BAROMETER. 

limit to its cxhaiisting power is equal to its horizontal pressure.* We 
may therefore conclude that in referring the hypsometric error under 
consideration to the local influence of wind upon the tension of the air 
in the observatory, we are appealing to a cause which is quantitatively 
sufficient, and our demonstration is thus rendered as complete as it 
could be without actually visiting the observatory and examining and 
experimenting upon its apertures. This indeed is impracticable, first, 
because the observatory now in use upon Mount Washington is not 
the one used during the month of June, 1873, and, second, because the 
records of the Signal Office fail to show precisely what building was occu- 
pied at that time. It is probable, however, that the building actually 
used stood upon the northwest side of the absolute summit of the mount- 
ain, so that of the winds rushing -past it those from the northwest had an 
upward tendency, while some others had not. During the prevalence of 
a high wind there can be little doubt that the principal opening in the 
building was the chimney, and if the orifice of that was turned upward, 
a strong draft would bo created by a wind tending obliquely upward. 
There is a fair presumption, therefore, that the northwest winds com- 
municated their influence to the barometer of the observatory by means 
of the draft of the chimney. 

The result of our inquiry was not in the least anticipated, but it is none 
the less valuable. It gives us an additional reason for assigning a low 
weight to aU hypsometric determinations made by means of the barome- 
ter during the prevalence of a high wind, and it di]*ects attention to the 
importance of devising means for the elimination of this particular wind 
influence, not only from the data for hypsometry, but from meteorologic 
data in general. The discussion of such corrective means would be 
out of place here, since H pertains in no wise to the new hypsometric 
method, but a brief consideration will be given to it in a note at the end 
of the paper. 

The facility afforded by the new formula in the discussion of series of 
observations, and the fact that it has here led to the detection of a sys- 
tematic error of observation, testify to the soundness of the principles 
upon which it is founded and encourage the belief that it wiU find a 
sphere of usefulness outside its special hypsometric province. 

We now return to the main subject of this section — ^the consider- 
ation of the possible advantage to be gained by increasing the number 
of base stations from two to three. Having learned that the observa- 
tions previously used to test the matter were to a certain extent vitiated 
by the local influence of winds, we now repeat the test with the aid of 
a selected series of well conditioned observations. In the first place, 
we reject from the eight-day scries in June all those hours at which the 
wind at any one of the four stations equaled or exceeded a velocity of 
ten miles per hour ; and from the observations made at the remaining 

"Aiiuuaire poar Pann^ 1876 de riustitut Moteorologique Danois. *'Sur les ane- 
mometres/' par Q. A. Hagemann. 
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74 hours compute the height of Station 2 by the method with a double 
base, and again by the method with a triple base. The rejection of 
the observations dominated by wind increases the mean of the deter- 
minations of height from 2,828 feet to 2,836 feet, and it diminishes the 
average deviation of individual determinations by the aid of two base 
stations from 11.8 to 7.7 feet. It diminishes also the average deviation 
of determinations by the aid of three bases from 9.4 feet to 7.8 feet. It 
therefore improves the harmony among themselves of the individual 
determinations by either method; but it removes at the same time the 
apparent advantage of the method with three bases, for the selected 
observations give no better result with three bases than with two. 

Table XXXVII. 

Altitude DeterminatioDS on Mount Waahington, from Indmdaal Observations made 
when the Velocity of Wind was Less than Ten Miles per Hour. 



Method of Compntation. 


Heightof8tation2 
above Station 4; 
Mean of 74 Deter. 


Average Deriation 
of individual Be- 
terminations 
from Mean. 


Dv TWhiMa Hum fAtatioTii 1 ftnd 4) ,,^. .,,,,. 


FmL 

2885l5 
2£3e.2 


FuL 

7.7 
7.8 


Bt Triple Bam rStations 1. 8. and 4) 





To continue the comparison, a selection has been made from the thirty 
days of June, 1873, of those ten days on which the wind at Station 
1 on Mount Washington was least, and the altitude of Station 2 was 
computed by the two methods for those days. The results are dis- 
played in Table XXXVIII, and are still less fiftvorable to the triple base, 
the mean residual being increased by its use from 4.9 to 6.6. 

Table XXXVUI. 

Altitude Determinations at Mount Washln^n from Daily Means of Pressure Obser- 
vations. The Ten Days of Juno, 1873, exhibiting the Lowest Mean Velocity of Wind. 



Date. 



Jane 8 

9 

18 

14 

22 

23 

24 

25 

26 

29 

Mem 



Height of Station 2 aboye Station 4, computed 

from — 



Statioiialand4. 


SUtiona 1 


Altitude. 


BeaidnaL 


Altitude. 


JF^wt. 


FteL 


FuL 


2,825.6 


— 6.7 


2,834.8 


2.831.3 


— 1.0 


2,841.9 


2,830.2 


— 2.1 


2,888.7 


2,839.4 


+ 7.1 


2.846.0 


2,822.6 


— 9.7 


2,82L2 


2,837.8 


+ &0 


2,827.5 


2,838L8 


+ 6.5 


2,831.8 


2,887.5 


+ 5l2 


2,829.5 


2.827.1 


— 5.2 


2,826.2 


2,833.2 


+ 0.9 


2,824.6 


2,832.3 


4.9 


2,832.2 



Boaidnal. 



FteL 
+ 2.6 
+ 9.7 
+ a5 
+ 13.8 

— ILO 

— 4.7 

— 0.4 

— 2.7 

— 6.0 

— 7.6 



&5 
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These two tests are indeed inconclusive, by reason of the brevity of 
the series of observations upon which they are based, but they serve to 
suggest that the error which in the first group of tests appeared to have 
been eliminated by the introduction of the third base, may have been, 
in whole or in part, that caused by the pressure of the wind ; and they cer- 
tainly give no warrant for the belief that with properly conditioned ob- 
servations the employment of three base stations will afford a higher 
degree of precision than the employment of two. It should be said, 
however, that the Mount Washington series of observations, although 
the best available for the discussion of this question, are not the best con- 
ceivable, and it is not impossible that a more exhaustive treatment of 
the subject may at some future time vindicate the utility of the triple 
base. 



5. BETTER FORM FOR THERMIC TERM. 

In the construction of the new hypsometric formula, it was postu- 
lated that the vertical change of density dependent upon temperature 
and moisture is uniform at all altitudes, but we have no reason to be- 
lieve that this assumed law of distribution is true. Indeed, we are 
assured that it does not obtain in any specific aise, so that it is only in 
general averages that it can possibly represent the actual facts. 

There are no present means of testing it, but it is easy to project 
a system of observations which would serve to illuminate the sub- 
ject. If a string of meteorologic stations, as many as five in number, 
were established upon a steep mountain slope in such way that their 
local conditions were closely similar except in tlie matter of altitude, 
while their altitudes formed a uniform series, the discussion of their 
observations would accomplish the desired result. The pressure dif- 
ferences of the successive stations, taken in connection with the known 
differences of altitude, would afford the densities of the several segments 
of the total atmospheric column, and would enable the law of their suc- 
cession to be developed. 

The same string of stations would serve to determine the constant of 
the formula and would afford material for the satisfactory discussion of 
diurnal and annual periodicity in hypsometry by the new method. 

If the essential incompetence of the postulated law of density varia- 
tion were demonstrated by such an investigation, it would become nec- 
essary to give a different form to the thermic term of the formula, but 
at present there appears no ground for the suggestion of a change. 



6. GENERAL PROVISION FOR NONPBRIODIO GRADIENT. 

The atmospheric inequalities affecting barometric hypsometry may 
be broadly classified as vertical and horizontal. The vertical inequali- 
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ties, or the variations of density in the local vertical column, are the 
sole objects of consideration alike in the new hypsometric method and 
in what we have called the ordinary and the empiric methods. The 
horizontal inequalities, which consist chiefly of gradients, — annual, per- 
ennial, and non-periodic or cyclonic, — are not considered by any formula 
in use. The only manner in which liypsometry practically attempts to 
avoid their influence is by using the means of long series of observa- 
tions, and the advantages of this procedure cannot be reaped by ordinary 
geographic surveys, which are unable to make a great number of ob- 
servations, or even more than a single observation, at each new station. 
The only general device adapted to the use of the geographer is the 
one deriving corrections for gradient errors by means of plotted isobars, 
and this involves the employment of so many auxiliary base stations 
that it can rarely, if ever, be employed with economy when the entire 
expense of the stations has to be borne by the geographic work. The 
great development of meteorologic work, however, which has followed 
and is following the success of meteorologists in the prediction of storms, 
promises to afford the geographer, in many places, and at no distant day, 
the data necessary for the determination of gradients; and it is perti- 
nent to inquire how he can employ them to the best advantage. 

It is quite conceivable that a comprehensive formula could be devised 
in which every observed element affecting the determination of altitude 
would find plac6, and through which the result would be evolved by a sin- 
gle complex process; but it is probably better, as it certainly is simpler, to 
treat the vertical and horizontal factors separately. In the judgment of 
the writer the vertical factor should be treated by a hypsometric formula, 
properly speaking, whether that of the new method or of the ordinary ; 
but before this is done the horizontal factor should be treated for the 
purpose of correcting the barometric data intended for use in the hyp- 
sometric computation. 

It is desirable that the stations used in determining gradient do not 
differ greatly among themselves in altitude. Let us first suppose them 
to have the same altitude, and let us further suppose (assuming the use 
of the new method) that they include among their number one of the 
base stations of the hypsometric pair. To ascertain the gradients at any 
moment we have merely to subtract the barometer reading at the hyp- 
sometric base station from each of the simultaneous readings at the 
auxiliary stations, and we obtain in the remainders the relative gradients 
of the several auxiliary stations. Plotting these upon a map we are 
enabled to draw lines of equal gradient (isobars) referred to the hyp- 
sometric base station as a zero. The relative gradient of the new station 
is then seen by reference to the position of the station on the map, and 
its amount, applied with the proper sign as a correction to the reading, 
prepares the latter for use in tlie hypsometric formula. 

Let us now suppose that the auxiliary stations, as would usually 
occur, differ somewhat in altitude from the hypsometric base station 
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with which they are compared, and that these dififerences arc known. 
The relative gradient cannot no^ be ascertained by simple subtrac- 
tion, but most be reached by a computation involving an allowance 
for the density of the atmosphere. Assuming that the density con- 
ditions are similar throughout the entire district, the prindples upon 
which the new formula is based readily afford the means of making 
this computation. 

Assume, for convenience, that that base station of the hypsometric 
pair which approximates in height to the auxiliary stations is the lower 
of the two. Represent by G the relative gradient of an auxiliary sta- 
tion, by h the reading of the barometer at that station, and by H the 
same reading after correction for gradient. 

G=A-H. 

Then, by the formula, — Equation (7) — 

logZ-^logH A(B-A) 
-^— ^ log i-log u "^ D 

whence, by transformation — 

H = log-i [ log i - ^^^^=^5j^) (log f _ log „)] 

and by substitution — 

G = ^ - log-i[ log ? - ^^-M^-^) (log I » log tt)] .. (22) 

In this equation, B is the known difference in altitude between the 

hypsometric pair of bases, and A is the known difference in altitude 

between the lower base station and one of the auxiliary bases. The 

. AD-A(B-A). ,^ ^ X ^ t. .,. 

expression jj^ ^is therefore constant for each auxihary 

base; and in each specific case the gradient (G) is a function merely of 
the simultaneous barometer readings at the upper and lower base sta- 
tions and at the auxiliary station. When the number of observations 
is great, the labor involved in the computation of the second term of 
the second member (H) can be abridged by the construction of a simple 
table. 

The relative gradients of the various auxiliary stations having been 
thus derived, the procedure is the same as in the preceding case. 

Of the practical value of the plan here proposed for determining the 
gnidient errors of the barometer readings at the auxiliary stations, the 
writer is unable to judge. Like every other hypsometric device, its 
utility can only be demonstrated by the practical test; and like every 
other device, it is liable to encounter practical difficulties which cannot 
be foreseen. It is here developed, merely as the logical consequence of 
the general principle underlying the new formula — the principle which 
warrants the determination of the density of a column of air by a direct 
measurement of the density of a neighboring column of known height. 
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It is the belief of the writer that the perfect elimination of the influ- 
ence of cyclonic gradients from hypsometry is impossible, for the reason 
that different systems of gradient exist simultaneously at different alti- 
tudes. However thoroughly the system of gradients in a given hori- 
zontal plane may be determined, there seems no possible method by 
which to deduce from it the gradient system of a higher plane, and unless 
this can be done a o<>nsiderable element of error must always remain. 

The satisfactory determination of the systems of gradient which suc- 
ceed each other in mountainous districts is an unsolved problem in mete- 
orology to which a great deal of atten tion has been devoted. The formula 
embodied in equation (22) is adapted, so far as form goes, to its solution, 
but there is no immediate opportunity to test it, and in the face of so 
many failures it would be rash to anticipate its practical success. It is 
barely possible, however, that it may afford trustworthy results in a 
somewhat larger field thau that to which hypsometry would assign it, — 
that it may find a meteorologic as well as a hypsometric use. 



7. SPECIAL PROVISION FOB NON-PERIODIC GRADIENT. 

There is a special case, arising not unfi^quently in geographic work, 
in which it is possible to escape a large gradient error by the aid of a 
single outlying base station. Let us suppose that a pair of hypsometric 
base stations (U L of the diagram) are in use, and that by their aid the 
altitudes of new stations in their vicinity are being determined. Let us 
sup])ose, further, that a second piece of geographic work is in progress, 
which demands the measuring of the altitudes of a group of new sta- 
tions in the locality S N — so remote from the pair of base stations that 
large gradients will usually intervene, but not so reiliote as to cause great 
disparity in other meteorologic conditions. Within the interior districts 
of the United States these limitations would apply to distances from 100 
to 300 miles. 




Fig. 31.— Ideal Land-Proftlo, to illiifltrato the use of an Oatlying Base Station. 

The special procedure proposed for such a case is as follows: Estab- 
lish a base station at S in the midst of the distant group of new stations, 
and conduct there a series of observations for so long a time as obser- 
vations are made at new stations in the vicinity. In selecting the site 
for the outlying base station, — it is better, when feasible, to approximate 
f it in altitude to the new stations, its vertical relation to the main pair 

of base stations being comparatively unimportant. If its altitude is not 
otherwise known, it can be computed by reference to the principal base 
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stations, using either the entire series of synchronous observations or 
such a selection from them as may be indicated by the variations of 
wind during the period. In the computation of the new stations, refer 
eaoh of them to the outlying base station, but employ the measurement 
of density afforded by the simultaneous observations at the pair of prin- 
cipal base stations. 
A modification of the general formula adapts it to the special case: 
Let n stand for the barometer reading at a new station of the outlying 
group. Bepresent by r the synchronous reading at the outlying base 
station. Call B the height of the outlying base station (S) above the 
lower base (L) of the pair, and A' the height of the new station (N) above 
the outlying base (S). Give to ly u, B, and D the same significations 
as before. It is needless to repeat here the various steps by which the 
special formula is deduced, for the reasoning is identical with that for 
the derivation of the formula on page 442. We therefore write at once — 

logr-logn A^[(B-2B)^A0 
^-'^\osl-logu+ D . . • . (^^) 

In the application of this formula the table published at the end of 
this paper can be used, with this difference only, that in place of B as 
an argument the quantity B— 2 B must be substituted. 

In any application of the more general system for the elimination of 
gradients, outlined in the preceding section, it will frequently occur that 
the new station is situated so near to one of the auxiliary stations that 
the gradient referrible to the intervening distance is inconsiderable. In 
every such case the formula just given can be employed with economy 
of labor and without prejudice to precision. 



8. SUMMARY. 

Our search has not resulted in the discovery of an immediately prac- 
ticable way of improving the new formula, but it has served to indicate 
a line of investigation which promises to advance the subject. 

If over a string of thoroughly equipped stations shall be established 
upon a steep mountain slope and maintained for a suf&cient term, it is 
probable that the discussion of their observations will afford a new and 
better value for the constant of the new formula; and it is possible that 
it may so far define the law of the vertical distribution of thermic den- 
sity that the form of the thermic term of the formula will need to be 
changed. It may also dictate the introduction of a factor dependent 
on the season of year, and it may possibly demonstrate the advantage 
of employing three base stations in the vertical series instead of two. 

Such a discussion could not fail to throw light upon the relation of di- 
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nrnal curves of pressure to altitude, and by so doing it miglit indicate 
some manner of avoiding the liyi>sometric errors which have a daily 
period. 

It is believed that in general all corrections for atmospheric gradient 
should be applied to the barometric data previous to the introduction of 
the latter into the hypsometric formula; but it has been pointed out 
that in a certain class of cases gradient errors can be avoided by a 
modification of the general hypsometric method, with a corresponding 
modification of the formula. The modified formula (23) is in point of fact 
of a more general nature than the one proposed for ordinary use (7), for in 
it the new line is made independent of the vertical base, whereas the lat- 
terrequlres an extremity of the new line to coincide with an extremity of 
the vertical base. 

It has been discovered that wind may attain importance as an un- 
favorable condition of observation, and the necessity for investigating 
its influence upon the indication of the barometer has been pointed out. 
The harmony of a series of altitude determinations upon the flanks of 
Mount Washington was increased about 40 per cent by the rejection of 
those based on observations made during the prevalence of winds. 

The harmony of the Mount Washington determinations after the 
elimination of this disturbing factor, is indeed so conspicuous as to sug- 
gest that the hypsometric method has in this case almost eradicated the 
errors incident to abnormal atmospheric inequality,— little remaining 
besides the errors incident to the making of the observations. To test this 
matter recourse has been had to the mathematical theory of probabilities, 
and an attempt has been made to ascertain, first, the probable error of 
barometric instrumentation and the probable error of a single hypso- 
metric determination at Mount Washington as dependent upon instru- 
mentation ; and second, the probable error proper of the same determina- 
tion as deduced from residuals. 

The probable error of barometric instrumentation may be defined to 
be that deviation from the proper or indicative height of the mercurial 
column which is most likely to be incurred in making an observation. 
It includes the errors dependent on the imperfection of the scale of the 
instrument, on imperfect correction for the capillarity of the tube, on 
the inaccuracy of the adjustments that have to be made by the observer 
before the reading, on the inaccuracy of the reading itself, and on the 
inaccuracy of the determination of the temperature of the instrument. 
If one has along series of independent observations or measurements of 
the same quantity, he is enabled, by the application of a simple mathe- 
matical formula, to deduce the probable error of a single measurement. 
In the use of a single barometer such a series is not obtained, because 
the quantity measured— the pressure of the atmosphere — is variable, 
and in a series of observations it is impossible to discriminate between 
small errors of observation and small changes of atmospheric pressure. 
But when two barometers are placed side by side and are subjected 
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to a series of synchronous observations, the differences between the 
readings taken in pairs constitute a series of measurements from which 
it is possible to deduce the probable error of instrumentation. 

The writer has made six determinations — ^two from a series of com- 
parative readings made in connection with the Mount Washington 
observations and published on page 534 of the Report of the Chief 
Signal Officer for 1873, and four from series contained in the barometric 
records of the Geological Survey. The series published by the Signal 
Officer were made by the same observers who occupied the four stations 
on Mount Washington, and with the same instruments, and would fur- 
nish the best possible criterion of the accuracy of that work if they were 
sufficiently extended. One of them, however, contains only Ave com- 
parative readings of three barometers, and the other seven compara- 
tive readings of three barometers; and these data are too scant to 
afford a trustworthy estimate of the probable error. The following is 
a summary of the results : 



Series. 


Number of Comparisons. 


Dodnoed Probable Error of 
a Single Reading. 


1 f Simifll Service) 


10 
U 
66 
79 
100 
100 


± .0030 inch. 
± .0080 inch. 
± .0041 Inch. 
± .0082 inch. 
± .0014 Inch. 
± .0023 inch. 


2 /Siffnfll ServioeV- - 


3 (Geological Snrvey) 

4 (Geoloiriciil Snrvev) -r^ 


5 /Gooloffieel Snrvev) . ,.,-r,.r ,,,t,,,. 


A /n>Ao1nflrififtl Rnmov) ...................... 




Weighted Mean 


± . 0027 inch. 



Each series of comparisons by the Oeological Survey was carried 
through, a period of several days, during which time the barometer 
rose or fell one or more tenths of an inch, so that different parts of the 
scale and tube were brought into use. The series of observations by 
the Signal Service observers were each made within an hour's time, and 
exhibit small barometric ranges. The test in the former case was there- 
fore somewhat more rigorous, and there is no reason for presuming that 
a longer series of observations by the Signal Service observers would 
have afforded a smaller probable error of instrumentation. In assigning 
to each of their readings an error of :1:.0027 inch (the general or 
weighted mean of all the determinations) we seem in no danger of under- 
rating the precision of their work. 

In the computation of altitude the errors of observation at the differ- 
ent stations affect the result by different amounts, and these amounts 
depend upon the relative and absolute altitudes of the stations. We 
shall not describe these relations, but merely mention tiiat they have been 
taken into consideration. Taking due account of them, the assumed 
error of instrumentation at the several stations gives 3.8 feet as the 
probable error of a single determination of tlie altitude of Station 2 
above Station 4, and 3.4 feet as the probable error of a determination of 
Station 3. 
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The individaal determinations of altitude constitate a series of meas- 
urements of a constant quantity, and yield to the simple application of 
the mathematical formula the probable error of a single determination. 
Seventy-four determinations of Station 2, made at hours when the 
velocity of the wind did not exceed 10 miles per hour at any station, 
yield 6.8 feet as the probable error of a single determination. Sixty- 
nine measurements of the height of Station 3, made at hours when 
the wind upon Station 1 did not exceed 2 miles per hour, give 3.7 feet 
for the probable error of a single determination. 

Combining these results, it appears that the probable error of a de- 
termination of Station 2, made by the new hypsometric method under 
favorable conditions as regards wind, is 6.8 feet, and that 3.8 feet may 
be assigned to instrumentation. The remaining errOr, which must be 
assigned to other causes, is expressed by a/ (6.8) * — (378y* = i 5.6 feet. 
The corresponding error of the determination of Station 3 is =fc 3.7 feet, 
of which ± 3.4 feet is assignable to instrumentation, and only Jt 1.5 
feet to other causes. 

It would be hazardous to pin our faith to these figures and affirm that 
the new hypsometric method has determined the height of a station with 
such precision that the uneliminated errors due to atmospheric inequal- 
ity affect the result by less than 2 feet, but it may safely be said that 
barometric hypsometry has been brought to such a stage that the influ- 
ence of errors of instrumentation is distinctly appreciable in the result; 
and there is full warrant for the declaration that observations designed 
for the future refinement of hypsometric method must themselves be of 
the highest grade. The employment of inferior or of untested instru- 
ments, of observatories badly, located, or of unskillful or untrustworthy 
observers, would suffice to nullify any attempt which might be made to 
give the science of barometric hypsometry a better experimental basis. 



CHAPTER V. 

IjIMITATIONS to UTIIilTT. 

The new hypsometric method is cot of uuiversal application. It ia 
not indeed subject to local restrictions like the empiric, bat there are 
certain conditions under which its employment is impracticable, and cer- 
tain others under which it is disadvantageous. The majority of these 
would occur to the geographer at once, but there are some which might 
not, and it is proper to enumerate them all for the sake of avoiding 
any possible misapprehension. There are, moreover, certain condi- 
tions which restrict the use of the barometer by whatever method, and 
for the sake of sjanmetry these will be included in the list. 

A. TJie barometer will not be employed: 

(1) When the demandforprecidon 18 beyond its competence. It is admit- 
ted by all barometricians that there is a degree of precision attaiDablo 
by other instruments to which the barometer can never hope to reach. 
In the nature of things there is a limit to its powers, and although the 
apparent position of that limit maybe modified by refinements in method, 
it can never be abolished. The present essay is an attempt to crowd it 
slightly backward, but is so far from removing it altogether that it 
serves rather to confirm or reassert its permanence. For such engineer- 
ing works as canals and railroads the barometer can serve no useful 
purpose except in reconnaissance. 

(2) When its precision can be equaled at less expense. The better class 
of modem geographic work is performed by means of observations made 
at stations which are intervisible, and in proportion as the demands for 
accuracy increase, and more is attempted in the delineation of details, 
the interspaces between the stations occupied by the topographer are 
progressively diminished. The topographer is able to compute the rela- 
tive height of all points visible to him from any station, provided their 
distances become known, by measuring the angles of elevation or de- 
pression which they subtend ; and since other stations of his system are 
always included among the points of observation, he is able in this man- 
ner to carry through his field a connected system of altitude determi- 
nations. If the stations are widely sepnrated, such determinations of 
altitude are of little value by reason of the errors introduced by at- 
mospheric refraction, but if the stations are near together, the determi- 
nations may have a high degree of precision. When, therefore, in the 
progress of geographic refinement the stations of the topographer ap- 
proach so near to each other that the precision of the measurement of 

(544) 
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altitades by angalatioii becomes eqaal to the precision obtainable by 
means of the barometer, barometric hypsometry receives at once a for- 
midable competitor. Indeed it encounters an invincible antagonist, for 
the expense of reading vertical angles, when it is performed as a mere 
accessory to the general work of the topographer, is notably less than 
the expense of transporting and observing barometers, — ^to say nothing 
*of the expense of maintaining base stations. The most thorough geo- 
graphic work will therefore dispense altogether with the barometer. 

B* The new method tvill not be ueed : 

(3) When sites far ihe necessary base stations are not available. The 
method demands that its two base stations shall be upon a steep slope, 
and that their difference in altitude shall not be unduly small. The first 
demand is dictated by the importance of avoiding gradient errors; the 
second by two independent considerations. In the first place, the air 
column whose weight and density are determined by the observations 
at these stations, is necessarily composed in part of the layer a^aceiit 
to the earth's surface, which is abnormally affected by the sun's heat 
and undergoes rapid changes, and in part of the upper and more general 
portion of the atmosphere, which changes more slowly. It is the density 
of the latter which it is imi>ortant to know, and the greater the height 
of the column weighed the smaller is the influence of its abnormal super- 
ficial factor. Theoretically, a very short column would give no better 
indication of the density factor of the atmosphere than do the measure- 
ments of temperature and humidity heretofore customarily depended on. 
The second consideration arises from the unavoidable errors of observa- 
tion. These depend upon the instruments and the observers, and are 
independent of the height of the air column. They consequently affect 
the measurement of the density of a short column in greater ratio than • 
that of a tall column. 

No definite limit can be assigned to the admissible interval between 
the base stations, because it must vary with circumstances. If the new 
stations are all in the immediate vicinity of the base stations, and fall 
between them in point of altitude, the requirements are not so great as 
when the new stations are widely scattered. It may be said without 
qualification, however, that a region in which the slopes are all gentle is 
unsuited to the employment of the new method, and can be best served 
by the "Ordinary" method. 

(4) When the demand for precision is not beyond the capamty of a cheaper 
method. The class of cases debarred by this limitation is large, for it 
includes every reconnaissance made as a preliminary to more exact 
work, — whether of a general geographic nature or for some such special 
purpose as the construction of a railroad. 

(6) When the unavoidaible errors from gradient are great. ITonperiodic 

or cyclonic gradient is a function of horizontal distance. It depends, 

of course, upon many other things,, but the probable hypsometric error 

arising from this source is always relatively great when the distance 

a5G A 
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between base and new stations is great, while it is comparatively unaf- 
fected by the vertical relations of base and new stations. The new 
hypsometric method and the ^'ordinary" compete only in the elimination 
of errors arising from inaccurate determinations of density, while they 
alike fail to remove gradient errors. When the new stations are near 
the base, gradient errors are inconsiderable, and the superior ability of 
the new method to contend with density errors renders its employment 
advantageous; but when the new stations are remote from the base, 
gradient errors become so large as to overwhelm those arising from im- 
perfect determination of density, and then the accomplishment of the 
two methods is practically the same. If, therefore, all the new stations 
are remote from the locality selected for a base, no commensurate ad- 
vantage can follow the employment of the more expensive method. 

This consideration is enforced by the fact that errors arising from dif- 
ferent sources are combined in the general result by means of their 
squares, and not by simple addition. Suppose, for example, that the 
computation of the altitude of a new station close to the bases has a 
probable error (depending on the vertical distribution of densities) 
of ii 15 feet when the ordinary method is employed, and of J: 10 feet by 
the new method. Suppose, further, that another new station is at such a 
distance that its computed altitude has a probable error due to gradient 
alone of ±25 feet. Its total probable error by the ordinary method 

will then be ( V (15)'^ + (25)* =) ± 29 feet, while its total error by the new 
method will be ( ^ (10)» -f (25)« = ) ± 27 feet The saving effected by the 
substitution of the new method for the old is 33 per cent in the case of 
the nearer new station, and only 7 per cent in the case of the more 
remote. 

Here again no absolute rule can be laid down, for when the new sta- 
tions differ greatly in altitude from that base to which they would be 
referred by either method (or, more simply, when the new lines are high), 
density errors are correspondingly great, and a comparatively large 
gradient error can bo introduced without depriving the new method of 
its advantage. 

(6) WJien tlie new 8tatio)i8 are few. This limitation is connected purely 
with expense, and is not of universal application. It is perhaps rather 
an amplification of the fourth limitation. As a rule, the more elaborate 
and refined hypsometric methods can be economically employed only in 
surveys where many points are to be determined, so that the expense 
of equipping and maintaining base stations may be shared by a large 
number of new stations. 

(7) When the new station falls far wWiout the vertical base. The nu- 
merous comparative computations which have been made for testing the 
value of the new method have served to show that while it gives better 
determinations of points intermediate in height between the upi)er and 
lower bases, and of points a short distance above the upper base or be- 
low the lower, it nevertheless gives poorer determinations of points far 
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above the npper base or far below the lower. An attempt has been 
made, by discassing the available figures, to ascertain the limit at 
which the advantage of the new method cease^s, but the results have 
not been accordant. It may be said in a general way, however, that 
when the vertical space separating the new station from the nearer base 
station is not more than one-half the vertical base line, the new method 
gives the better results, and that when the space separating the new 
station from the nearer base station is greater than the vertical base 
line, the better results are given by the "ordinary'' method. 

It follows from this, first, that when circumstances will permit, the 
upper and lower base stations should be so chosen as to include in their 
vertical interspace all or nearly all the proposed new stations. It 
follows, second, that when it is impracticable so to dispose the base 
stations that the new stations fall within the range of utility of the 
new method, there is no advantage in using more than one base station. 
It follows, third, that when two base stations have been used in field- 
work it will nevertheless be advisable in the case of some new stations 
to ignore the observations at the more remote base and perform the com- 

' putation by the " ordinary " method. 

« 
It may appear to the reader that a system hemmed in by so many 

restrictions is practically useless; but the field remaining to the new 
method is in reality a broad one, including, unless the merits of the 
method are here overrated, the major part of the barometric hypsometry 
of the United States for the next decade. The reform was suggested 
by the needs of the geographic surveys conducted by the government 
during the past fifteen years in the mountainous region lying between 
the Great Plains and the Pacific Ocean, and it is especially adapted for 
use in such a region. The preliminary reconnaissances, which did not 
require the degree of precision it affords, have now been made, but the 
time has not yet arrived for that more elaborate geographic work which 
.will dispense with the barometer altogether and employ only the the- 
odolite and kindred instruments for the determination of its vertical 
element. For the present the barometer holds its place as the chief 
hypsometric instrument, and the principal work to which it is an 
accessory demands that it shall be so handled as to afford the highest 
practicable degree of precision. 



CHAPTER VI. 

THE WOEK OF OTHERS. 

In the preceding pages no attempt has been made to credit the found- 
ers and the numeroos promoters of the science of barometric hypsome- 
try with the ideas and principles derived from them. The citation of 
authorities has even been avoided, so &r as possible, because the mention 
of a few among so many might seem to make an invidious distinction, 
while giving due credit to all would involve the ftiU presentation of the 
history of the subject — a work for which the writer has neither time nor 
inclination. The reader who desires to know the successive steps by 
which the barometer has been brought to its present measure of utility 
can find his wishes fully met by consulting the works of Biihlmann, 
Whitney, Schreiber, and Cross.* . 

It is impossible, however, to pass without mention the work of those 
who have to some extent anticipated the hypsometric method forming 
the subject of this paper. 

One of the leading and essential propositions of the paper is — ^to deter* 
mine the condition of the atmosphere at the moment when a measure* 
ment of height is made, by means of the synchronous barometric meas- 
urement of a known height. This was first advanced by the writer at 
a meeting of the Philosophical Society of Washington, in May, 1877, at 
which time he supposed it to be novel. He has since learned that he 
was antedate d in publication by no less than two hypsometers, while it 
is probable that a third also anticipated him in the conception of the 
idea. Nevertheless, the announcement of his method was not devoid of 
novelty, for he differed radically from his predecessors in his manuer 
of developing and applying the idea. 

The earliest investigator who has recorded his use of the principle is 
riantamour. In his hypsometric method, a description of which has 
already been given, he recomputed the height of St. Bernard above 
Geneva at the instant of each observation upon which a computation 
of the height of a new station was based, and by comparing this com- 
puted height of St. Bernard with the known real height he obtained a 

•BUhlimum's "Barometrlsohen Hobenmewnngen," Leipsic, 1870. 

Whitney's "Contributions to Barometrio Hypsometryi 1874 ; Chapters I and III.'' 

Schieiber's ' ' Handbnch der baiometrischen Hobenmessongen," Weimar, 1877 ; Chax>. 

ter vm; 

Appalachia, vol. 11, p. 201, May, 1881 ; Address on the "Barometrio Measurement 
of Heights," by Charles B. Cross. 
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criterion for judging of the momentary condition of the atmosphere. 
His two base stations were so far apart that it was impossible to dis- 
criminate the effect of a false estimate of atmospheric density from the 
effect of gradient^ and in his computations he assumed that his deter- 
mination of density (that is, of temperature and humidii;y) was correct, 
and regarded the error of his computed height of St Bernard as an 
indication of the effect of gradient alone. So regarding it, he proposed 
no plan for eliminating it, but simply used it as a means of giving weight 
to the synchronous determination of the required altitude as compared 
with other determinations of the same. It may seriously be doubted 
whether his assumption was warranted ; but be that as it may, there can 
be no question that his weighting of individual determinations had a 
beneficial effect upon his ultimate result. 

His method differs primarily from the one here advanced in that it 
used the redetermination of a known height to measure gradient only, 
while it is here used to measure density only. Density is by his method 
determined solely by means of thermometric and psychrometric obser- 
vations, made simultaneously with those of the barometers and corrected 
by the aid of the mean errors of long series of observations. 

A method of hypsometry propose by Lieutenant William L. Marshall 
was first given to the world in 1877,* but appears to have been practiced 
by him tor some years prior to that time. In the main it is the system 
of Williamson, but it includes a number of valuable innovations, the 
chief of which is the following : 

Within the field of survey are established a pair of base stations, one 
high and the other low, but not widely separated horizontally. Their 
difference in altitude is either determined by some independent method 
or else firom the means of the observations for the entire season. For 
each week of hypsometric work a special computation of their difference 
in altitude is made, in which the weekly means of the barometric, 
thermometric, and psychrometric observations at the two stations are 
employed. The standard difference in height is then divided by this 
computed difference, and the quotient is regarded as a correction factor. 
All barometric differences of altitude determined during the week in 
localities where the diurnal changes of temperature and other climatic 
characteristics are similar to those at the upper base station, are then 
multiplied by this factor, after having been computed from the observa- 
tions of pressure, temperature, and humidity in the way prescribed by 
Williamson. 

This system agrees with the one here advanced in using the rede- 

* " United States Geological Surreys West of the 100th Meridian, in charge of First 
Lient. George M. Wheeler, VoL II. Astronomy and Barometric Hypsometry, Part 
II. Results in Barometric Hypsometry obtained during the years 1871, 1872, 1873, 
1874, and 1875, reported by First Lieut. William L. Marshall, Corps of Engineers, 
U. S. A. Washington, Government Printing Office, 1877.'' The novel element of his 
hypsometric system is described on pages 522 and 523 of the volume. 
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teriDination of a knowa height as a means of measaring the density of 
the atmosphere at a given moment. Its chief difference consists in the 
fact that instead of ignoring altogether the observations of temperature 
and moisture^ it first introdnces them into the compntations, and then 
endeavors to counteract their vicious effect by a process of cancellation. 
The untrustworthiness of the thermometric and psychrometiic deter- 
minations as indices of the density of the air column used in hypsom- 
etry is clearly pointed out by Lieutenant Marshall, and his weekly cor- 
rective factor was devised for the purpose of eliminating the errors to 
which they give rise. But he nevertheless admitted them into his com- 
l)utations, both of the altitude of the new station and of the height of the 
vertical base, and only sought to neutralize their ill effect in one case by 
balancing against it their ill effect in the other. Having once admitted 
them, there was perhaps no better mode of neutralizing the errors they 
caused ; and it is probable that his device materially enhanced the accu- 
racy of his hypsometric work. 

It is a possible defect of his system that it takes no account of the 
£act pointed oat by Plantamour and Whitney that the correction neces- 
sary at high altitudes is not the same as that required at low altitudes. 
So long as his correction factors are applied to the computed differences 
in level of base and new stations whose altitudes approximate respect- 
ively those of the upper and lower limits of his vertical base line, a 
good result is to be expected ; but it is to be doubted whether the ap- 
plication can be extended to points differing greatly in height from 
the two stations limiting the verticil base. 

In 1870, Dr. Bichard Buhlmann, of Garlsruhe, published an elaborate 
memoir in which he reviewed the entire subject of barometric hypsom- 
etry. After describing the formulas and methods of others, he de- 
veloped a formula and method of his own. His formula is a modifica- 
tion of that of Laplace, and represents the difference in level of two 
stations as a function of the observed atmospheric pressures, tempera- 
tures, and moistures at the two stations and of the latitude of the 
stations. He differs from his predecessors chiefiy in his manner of 
determining the atmospheric temperature. For this purpose he makes 
use of two stations whose difference in level is known, and from the 
observed pressures and moisture factors at these stations he computes 
the temperature of the intervening air column. The temperature thus 
derived he afterwards applies (by a special method to be described 
presently) in the computation of the unknown difference in level of 
two other stations. He thus agrees with the writer in rejecting the in- 
dications of the thermometer as a measure of atmospheric tempera- 
ture, but differs from him in that he Y^tains the observations of the 
psychrometer. With this exception he employs the same principle, for 
while the new method deduces the density of an air column of known 
height from a measurement of its weight, Btihlmann deduces the tem- 
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perature of such a column from measurements of its weight and humidity. 
The new method then proceeds to apply the deduced density, in connec- 
tion with observed pressure, to the computation of an altitude, and 
Eiihlmann similarly proceeds to apply the deduced temperature, in con- 
nection with observations of pressure and humidity, to the computation 
of an altitude. The errors arising from false estimates of temperature 
so far outweigh those from false estimates of moisture that the practical 
difference between the two systems cannot be great, although theoretic- 
ally the considerations leading to the rejection of the temperature 
observations apply with even greater force to the less veracious obser- 
vations of humidity. 

But while Biihlmann's method has thus, in principle, substantially 
auticipated the one here developed, it is applied by him in a very dif- 
ferent manner. He gives no consideration whatever to single observa- 
tions nor to a single pair of base stations, but says that a district of 
country in which his barometric method is to be applied must be furnished 
in advance with a large number of meteorologic base stations of which 
the latitudes, longitudes, and altitudes are known, and at which long 
series of observations have been made. The new stations must be 
occupied for the same period^a period so long that all minor inequali- 
ties incident to atmospheric changes will be eliminated by cancellation. 
With these elaborate data in hand, and making use only of the mean 
values, for each station, of the pressure and humidity, he proceeds as 
follows : First, he arranges the base stations in pairs, oombining each one 
with every other one which differs from it considerably in altitude, and 
for each pair he computes, by the aid of their known heights and lati- 
tudes, and of the observed pressures and humidities, the mean tempera- 
ture of the intervening air column. This temperature he ascribes to 
that point which is intermediate between the two stations both in dis- 
tance and height. This series of computations gives him an estimate 
of the temperature of a large number of points in space, the positions 
of which are indicated by their latitudes, longitudes, and altitudes. 
He then assumes that tbe temperature of any point whatever in the 
district is equal to a certain factor, plus a second factor multiplied by 
the latitude of the point, plus a third factor multiplied by its longitude, 
plus a tburth fkctor multiplied by its altitude ; and proceeds, by the aid 
of th^ individual temperatures already computed and by means of the 
method of least squares, to compute the values of these factors. Having 
computed them, he is furnished with a temperature formula by means 
of which he can compute the mean temperature of any point within the 
district. Taking now a pair of stations of which he wishes to determine 
the difference in altitude, he deduces from their known latitudes, their 
known longitudes, the known altitude of one, and the approximate alti- 
tude of the other, the latitude and longitude and approximate altitude 
of the point midway between them; and thus obtains, through the tem- 
perature formula, the mean temperature of the intervening air column. 
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This mean temperature enters his hypsometric formula in place of the 
mean of the thermometric readings, and the difference in altitude is then 
computed. If it differs notably from the approximate value given 
directly by the readings of the barometers, a second and more refined 
determination of the temperature is made, and the computation is re- 
peated. 

So far as the writer is aware, this cumbrous method has never been 
put in practice. It is quite inapplicable to general geographic work 
because it demands long series of observations, and if it has a field of 
utility it probably lies in the determination of the altitudes of meteoro- 
logic stations where observations are continuously made as a means of 
predicting the weather. 

It thus appears that the precise ground covered by the new method 
has not before been occupied. Plantamour recomputed a known height 
for the purpose of ascertaining the t€mi)orary gradient. Marshall did 
the same thing for the purpose of ascertaining the temporary hypso- 
metric error. Biihlmann did the same for the purpose of determining 
the local mean temperature. The writer only has performed the com- 
putation for the purpose of ascertaining the local and temporary mean 
density of the air column. Plantamour computed the altitude of his new 
station from the observed pressures, temperatures, and humidities (ap- 
plying also empirical corrections), and used his coincident determination 
of a known height only as a criterion for judging whether the temporary 
meteorologic conditions were favorable. Marshall also computed the 
height of the new station by means of the observed pressures, temper- 
atures, and humidities, and used his recomputation of a known height 
as a means of expunging the errors he had introduced. Biihlmann pro- 
poses to compute the height of the new station by means of the observed 
pressures and humidities, but substitutes for the observed temperatures 
a value derived from the recomputatiou of known heights. The present 
method only has altogether rejected observations of temperature and 
humidity and computed the height of the new station by the sole means 
of observed pressures. 

AeknowledgmenU. — ^In the conduct of my investigation I have been 
greatly indebted to the courtesy and assistance of others. Professor 
J. D. Whitney and Colonel B. S. Williamson have afforded me tthe use 
of unpublished barometric records. General W. B. Hasen, Chief Signal 
Officer of the Army, has favored me with important data from the ar- 
chives of the Weather Bureau, and the library of his office has been of the 
utmost service to me. I am indebted to my friends Professor Cleveland 
Abbe, Mr. M. H. DooUttle, Mr. Marcus Baker and Mr. H. A. Hazen for 
much kind counsel and assistance. The computations pertaining to the 
work, which were exceedingly onerous, have been performed at the ex- 
pense of the Geological Survey by Mr. P. C. Warman, Mr. Paul Hol- 
man, and Mr. Albert L. Webster. 



CHAPTER VII. 

OK THE USE OF THE TABIjE. 

The barometric formala developed in Chapter II (Equation 17) i 

logi-logtt^ 490000 
in which 

{ is the atmospheric pressure (or the reading of the barometer) at the 
lower base station; 

u is the pressure at the upper base station; 

n is the pressure at the new station ; 

A is the height, in English feet, of the new station above the lower 
base station; and 

B is the height, in feet, of the upper base station above the lower, or, 
in other words, is the height of the vertical base line. 

The first term of the formula is otherwise designated by a, — 

^^p logt-lo gn 
log I — log u 
and is called the logarithmic term, or approximate difference in aititiide; 

the second, L^IIa > ^ called the thermic term. 

490000 

B, I, Uj and n are known quantities, and from them a is computed by 
the aid of logarithms. (See page 449.) The thermic term is obtained 
firom the table (pages 556-561), with B and a as arguments. 

In each page of the table the left-hand column contains the values of 
a, and the horizontal lines at the top and bottom margins give the 
values of B. The pages are arranged in pairs; the left hand of each 
pair includes the values of B from 1,000 to 5,000, and the right from 
6,000 to 10,000. Each page has nine interpolation columns at the right, 
containing increments for the numbers in the columns at the left, to be 
used when B is not expressed in even thousands of feet. 

The first pair of pages serve when a is negative, the second and third 
pairs when a is positive. 

In the use of the table there arise three cases, which are illustrated 
by the following three examples. In the first the new station is inter- 
mediate between the two bases; in the second it is higher than the 
upper base; in the third it is lower than the lower base. 
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FIB8T BXAHPLB. 

(New StaiUm Intermediate,) 

What is the valae of the thermic tenn when B = 4,000 and a s 1,200 1 

From the intersection of the line which contains + 1,200 as a value of 
a and the column headed 4,000, we obtain + G.9, which is the required 
value of the thermic term. 

aXCOND EXAMPLB. 

{New station Above Upper Baee StaUon.) 

What is the value of the thermic term when B =3,600 and a=5,727t 

Let us. consider B as composed of 3,000 and 600, and a as composed 
of 5,700 and 27. 

From the intersection of the line containing +5,700 as a value 
of a and the column headed 3,000 we obtain the correction . . —30. 9 

To allow for the 600 we take from the intersection of the 
same line with the interpolation column headed 6 +0.8 

To allow for the 27 we take from the column headed 3,000 
the corrections corresponding to a= 6,700 and a=5,800, subtract 
one from the other, divide the remainder by 100, and multiply 
the quotient by 27, thus : 

30.9-32.6 ^„ 

100 ><^^= -^-^ 



Adding, we obtain the total correction, or the value of the 
thermic term —24.6 

THIRD EXAMPLE. 

{New Station Below Lower Baee Station,) 

What is the value of the thermic term when B=7,864 and a= — 2,400f 

Consider B as composed of 7,000, 800, 60, and 4. 

With B = 7,000 and a =-2,400, we obtain -47.2 

With 800, we obtain from the interpolation column . . . . — 4.1 
The interpolation element for 60 (one-tenth of that for 600) is . — .3 
The element for 4 is too small to note. 



The required value is the sum of these numbers —51. 6 

SIGNS. 

The formula and the table assume the origin of distances to be at the 
lower base station. The vertical distances of all higher joints are 
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affected by the plas sign, of lower points by the minus sign. The vorti- 
cal base, B, is positive. A is positive when the new station is above 
the lower base station; negative when it is below. The value of the 
thermic term is positive when the new station is intermediate between 
the bases; negative when it is not intermediate. It is numerically 
additive to a when the new station is lower than the upper base station ; 
snbtractive when the new station is higher. 

The interpolation elements are given the plus sign when the series of 
numbers to which they pertain is algebraically ascending; they are 
given the minus sign when it is descending. Thus, in the second ex- 
ample, 6.8 is made positive because the horizontal series in the table 
ascends from— 30.0 to— 10.5; while 0.5 is made negative because the 
vertical series descends from— 30.0 to— 32.6. 



The computer who has to determine a large number of new stations 
by reference to a single pair of base stations can simplify his work by 
constructing a 8i)ec]al table adapted to his particular value of B, — ^unless 
that value is measured by even thousands of feet The special table 
will contain but two columns ; one for values of a, and one for the corre- 
sponding values of the thermic correction. The latter can be simply 
derived, by the aid of the interpolation columns, from one of the columns 
of the printed table. The special table need not extend beyond the 
range of actual values for a, and ordinarily will be very short. In using 
it the value of a will be the only argument. 
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TABLB OF VALXTES OF THBRHIC TERM, 



A (B— A) 



D 



, IX FBET. 



<»=Ap- 
proximate 
Altitude, 

in Feet. 


B=:Yertioa] Base, in Feet. 


Additional Hondreda of Feet 1 


1,000 


2,000 


8,000 


4.000 


6,000 


1 


2 


8 
8.2 


4 
4.8 


6 


6 


7 


8 





— 6,000 


-62.6 


—73.2 


-83.0 


-04.6 


—106.8 


LI 


2.1 


5.8 


6.4 


7.6 


&6 


9.6 


4,900 


60.8 


70.7 


81.1 


olb 


102.1 


LO 


2.1 


8.1 


4.2 


6.2 


6.2 


7.8 


8.8 


0.4 


4,800 


68.1 


68.2 


7&4 


88.7 


08.0 


LO 


2.0 


8.1 


4.1 


6.1 


6.1 


7.1 


&2 


0.2 


4,700 


65.0 


65.8 


76.8 


85.8 


05.8 


LO 


2.0 


&0 


4.0 


6.0 


6.0 


7.0 


8.0 


0.0 


4,600 


63.7 


63.4 


78.2 


88.0 


02.8 


LO 


2.0 


2.0 


8.0 


4.0 


&8 


6.0 


7.8 


8.8 


— 4,600 


—61.6 


—61.1 


—^70.6 


-80.2 


-^.8 


LO 


LO 


2.0 


8.8 


4.8 


6.7 


6.7 


7.6 


ao 


4.400 


40.6 


68.8 


6&1 


77.6 


86.0 


0.0 


LO 


2.8 


8.7 


4.7 


6.6 


6.6 


7.6 


a4 


4,300 


47.5 


66.5 


65.6 


74.8 


84.0 


0.0 


L8 


2.7 


3.6 


,4.6 


5.5 


6.4 


7.3 


a2 


4,200 


45.5 


64.3 


63.2 


72.1 


81.1 


0.0 


L8 


2.7 


3.6 


4.5 


6.8 


6.2 


7.1 


ao 


4,100 


48.5 


62.1 


60.8 


60.6 


7&8 


0.0 


L7 


2.6 


8.6 


4.4 


6.2 


6.1 


7.0 


7.8 


— 4,000 


—41.6 


—50.0 


-58.4 


—66.0 


—75.6 


0.8 


L7 


2.5 


8.4 


4.2 


6.1 


6.0 


6.8 


7.6 


8,000 


80.7 


47.0 


56.1 


64.4 


72.7 


0.8 


L7 


2.6 


8.8 


4.1 


6.0 


&8 


6.6 


7.4 


8,800 


87.0 


45.0 


53.0 


6L0 


70.0 


418 


L6 


2.4 


8.2 


4.0 


4.8 


5.6 


6.4 


7.2 


8,700 


36.1 


43.0 


51.7 


50.5 


67.4 


0.8 


L6 


2.8 


8.1 


8.0 


4.7 


5.5 


6.8 


7.0 


8,600 


84.4 


4L0 


40.5 


67.1 


64.8 


0.8 


L6 


2.3 


8.0 


8.8 


4.6 


5.8 


6.1 


&8 


— 8,600 


.-82.7 


—40.0 


-47.4 


-54.8 


-62.2 


0.7 


L6 


2.2 


2.0 


8.7 


4.4 


6.2 


5.0 


ao 


8,400 


81.0 


38.2 


45.3 


62.5 


60.7 


0.7 


L4 


2.2 


2.0 


8.6 


4.8 


5.0 


6.7 


a6 


8,800 


20.4 


36.3 


43.3 


50.2 


67.8 


0.7 


L4 


2.1 


2.8 


8.5 


4.2 


4.0 


5.6 


as 


3,200 


27.8 


34.6 


41.2 


48.0 


54.8 


0.7 


L8 


2.0 


2.7 


a4 


4.1 


4.7 \ 5.4 


ai 


8,100 


26.8 


82.8 


30.3 


45.0 


52.4 


0.7 


L8 


2.0 


2.6 


3.8 


8.0 


4.6 


6.2 


ao 


— 8,000 


—24.8 


-3L1 


—87.4 


-43.8 


—60.1 


0.6 


L8 


LO 


2.6 


8.2 


8.8 


4.4 


5.1 


a 7 


2,000 


23.4 


80.5 


86.6 


41.7 


47.8 


a6 


L2 


L8 


2.4 


8.1 


8.7 


4.8 


4.0 


a6 


2,800 


22.0 


27.8 


83.7 


80.6 


45.6 


0.6 


L2 


L8 


2.8 


2.0 


8.6 


4.1 


4.7 


&3 


2,700 


20.6 


26.8 


8L0 


87.6 


43.8 


0.6 


LI 


L7 


2.3 


2.8 


8.4 


4.0 


4.5 


ai 


2,600 


10.8 


24.8 


80.2 


85.7 


4L2 


0.5 


LI 


L6 


2.2 


2.7 


8.8 


8.8 


4.4 


4.0 


— 2,500 


— lai 


-23.3 


-28.5 


—83.8 


-80.1 


0.5 


LI 


L6 


2.1 


2.6 


8.2 


8.7 


4.2 


4.7 


2,400 


16.0 


2L8 


26.8 


81.0 


87.0 


0.6 


LO 


L5 


2.0 


2.6 


3.0 


8.5 


4.0 


4.6 


2,800 


16.7 


20.5 


25.2 


30.1 


84.0 


0.6 


LO 


L4 


LO 


2.4 


2.0 


8.4 


3.8 


4.8 


2,200 


14.6 


10.1 


23.7 


2a3 


82.0 


0.6 


ao 


L4 


L8 


2.8 


2.8 


8.2 


8.7 


4.1 


2,100 


18.4 


17.8 


22.2 


28.6 


8L0 


a4 


0.0 


L3 


L8 


2.2 


2.6 


3.1 


8.5 


4.0 


— 2,000 


—12.4 


—16.5 


—20.7 


—24.0 


-20.1 


a4 


0.8 


L3 


L7 


2.1 


2.5 


2.0 


3.8 


ao 


1,000 


11.8 


15.8 


10.3 


23.2 


27.2 


0.4 


a8 


L2 


L6 


2.0 


2.4 


2.8 


3.2 


ao 


1,800 


10.4 


14.1 


17.0 


21.6 


25.4 


0.4 


0.8 


LI 


L6 


LO 


2.8 


2.6 


8.0 


a4 


1,700 


0.4 


13.0 


16.5 


20.1 


23.6 


0.4 


a7 


LI 


L4 


L8 


2.1 


2.5 


2.8 


a2 


1,600 


8.5 


ILO 


16.2 


18.6 


2L0 


0.8 


0.7 


LO 


L8 


L7 


2.0 


2.3 


2.7 


ao 


— 1,600 


— 7.7 


—10.8 


-13.0 


—17.1 


—20.2 


0.8 


0.6 


0.0 


L2 


L6 


LO 


2.2 


2.5 


2.8 


1,400 


6.0 


0.8 


12.7 


15.6 


18.6 


0.8 


0.6 


0.0 


L2 


L6 


L8 


2.0 


2.8 


2.6 


1,800 


6.1 


as 


11.5 


14.2 


17.0 


0.3 


0.6 


0.8 


LI 


L4 


L6 


LO 


2.2 


2.4 


1,200 


5.4 


7.0 


10.4 


12.0 


15.4 


0.3 


0.6 


0.8 


LO 


L8 


1.5 


L8 


2.0 


2.2 


1,100 


4.7 


7.0 


0.3 


11.6 


13.0 


0.2 


0.5 


0.7 


0.0 


L2 


L4 


L6 


L8 


2.1 


-1,000 


— 4.1 


— 6.2 


— a2 


—10.3 


-12.4 


0.2 


0.4 


0.6 


0.8 


LO 


L2 


L6 


L7 


LO 


000 


8.5 


6.4 


7.2 


0.1 


ILO 


0.8 


0.4 


0.6 


0.8 


0.0 


LI 


L8 


L6 


L7 


800 


2.0 


4.6 


6.2 


7.0 


0.6 


0.2 


0.3 


0.6 


0.7 


0.8 


LO 


L2 


L3 


L5 


700 


2.4 


8.0 


6.3 


6.8 


8.2 


0.1 


0.8 


0.4 


0.6 


0.7 


0.0 


LO 


L2 


L8 


600 


1.0 


8.2 


4.4 


6.7 


6.0 


ai 


0.8 


0.4 


0.6 


0.6 


0.8 


0.0 


LO 


LI 


- 600 


— 1.6 


— 2.6 


— 3.6 


— 4.6 


— 5.7 


0.1 


0.2 


0.8 


a4 


0.6 


0.6 


0.7 


0.8 


ao 


400 


1.1 


2.0 


2.8 


8.6 


4.6 


0.1 


a2 


0.8 


0.8 


0.4 


a6 


0.6 


a7 


ao 


• 800 


0.8 


L4 


2.0 


2.7 


3.3 


ai 


0.1 


0.2 


0.8 


0.8 


0.4 


0.4 


0.6 


a6 


200 


0.5 


0.0 


1.8 


1.7 


2.1 


0.0 


0.1 


0.1 


0.2 


0.2 


0.8 


0.8 


0.8 


a4 


100 


0.2 


0.4 


0.6 


0.8 


1.0 


ao 


0.0 
2 


ai 

8 


0.1 

4 


0.1 
6 


0.1 
6 


0.1 

7 


0.2 
8 


a2 




1,000 


2,000 


3,000 


4,000 


6,000 


1 
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TAIlUb OF VALUKS OF THERMIC TERM, n ^^> ^ FBRT. 



a=Ap- 
nroximftto 
Altitnde, 

in Feet. 


Bs Vertloal Bim. In Feet | 


Additional Hnndzeds of Ftot | 


6,000 


7,000 


8,000 


9,000 


10,000 


1 


2 


8 


4 


5 


6 


7 


8 


9 


-5,000 


-116.1 


—126.9 


—137.7 


— 14&6 


—160.0 


LI 


2.2 


48 


4.8 


44 


45 


7.6 


47 


48 


4,900 


113.7 


128.8 


133.9 


144.6 


155.8 


LI 


2.1 


43 


4.8 


43 


44 


7.5 


45 


46 


4,800 


100l8 


119.7 


130.1 


140.5 


15L1 


LO 


2.1 


41 


42 


42 


48 


7.8 


44 


44 


4,700 


lOOLO 


116ul 


126.8 


136L5 


1448 


LO 


8.0 


41 


41 


41 


41 


7.1 


43 


42 


4,600 


102.7 


113.6 


122L6 


182.6 


142.7 


LO 


2.0 


40 


40 


40 


40 


7.0 


40 


40 


— 4,600 


-90.6 


-109.2 


— 119L0 


-12a 7 


—1846 


LO 


LO 


2.9 


49 


49 


49 


48 


7.8 


48 


4,400 


96.8 


106.8 


115.8 


124.9 


1346 


LO 


L9 


2.9 


48 


48 


47 


47 


7.6 


46 


4.800 


98.2 


102.4 


111.8 


12L1 


134 5 


49 


L9 


2.8 


47 


47 


46 


46 


7.5 


44 


4,300 


90.1 


89l1 


108.2 


117.8 


1245 


49 


L8 


2.7 


46 


45 


45 


44 


7.8 


42 


4,100 


87.1 


9&9 


104.7 


iiao 


122.5 


49 


L8 


2.7 


45 


44 


48 


43 


7.1 


40 


-4,000 


-84.1 


-92.7 


-10L3 


-loao 


^1147 


49 


L7 


2.6 


45 


48 


43 


41 


49 


7.8 


8,900 


8L1 


89l6 


97.9 


loao 


1148 


48 


L7 


2.5 


44 


42 


41 


40 


47 


7.6 


8,800 


7a8 


8&8 


94.5 


102.8 


111.0 


48 


L6 


3.5 


48 


41 


4.9 


47 


46 


7.4 


8,700 


7&8 


83L2 


9L2 


99.2 


107.3 


48 


L6 


2.4 


48 


40 


48 


46 


44 


7.2 


8.000 


72.5 


80.2 


8&0 


96.7 


1046 


48 


L6 


2.8 


41 


49 


47 


44 


43 


7.0 


— 8,600 


-69.7 


-77.2 


— 84.7 


— 92.8 


-90.9 


48 


L5 


2.8 


40 


48 


45 


48" 


40 


48 


8,400 


07.0 


748 


8L6 


8a9 


948 


47 


L5 


2.2 


2.9 


47 


44 


41 


49 


46 


8,800 


6A.3 


7L4 


7a4 


85.6 


92.7 


47 


L4 


2.1 


2.8 


45 


43 


40 


47 


44 


8,900 


6L6 


6&6 


75.4 


82.8 


89.2 


47 


L4 


2.1 


2.8 


44 


4.1 


48 


45 


42 


8,100 


5ao 


6&7 


72.3 


79k0 


86.7 


47 


L8 


2.0 


2.7 


48 


40 


47 


48 


40 


— 8,000 


-66.6 


-62L9 


— 60.8 


-7a8 


-82.8 


46 


L3 


L9 


2.6 


42 


49 


45 


43 


48 


2,900 


54.0 


60.1 


60L4 


72.6 


749 


46 


L2 


L9 


2.5 


41 


47 


44 


40 


46 


2,800 


51.6 


67.4 


63.5 


69.6 


746 


46 


L2 


L8 


2.4 


40 


46 


43 


48 


5.4 


2,700 


4911 


64.8 


60.6 


6a4 


748 


46 


L2 


L7 


2.8 


2.9 


45 


41 


46 


42 


2,600 


46L7 


62.2 


57.8 


6X4 


640 


46 


LI 


L7 


42 


8.8 


48 


49 


45 


40 


— 2,600 


-444 


-49.7 


-55.0 


— 60.4 


-648 


45 


LI 


L6 


2.1 


8.7 


43 


47 


48 


4.8 


2,400 


42L1 


47.2 


52.8 


57.4 


646 


45 


LO 


L6 


40 


3.6 


41 


46 


41 


46 


2,300 


89l8 


44.7 


49L6 


54.5 


69.5 


45 


LO 


L5 


2.0 


3.5 


40 


44 


40 


44 


2,200 


87.6 


42.8 


47.0 


51.7 


644 


45 


49 


L4 


LO 


3.8 


48 


48 


48 


42 


2,100 


86.4 


88.9 


44.4 


4a 9 


644 


45 


4 9 


L4 


L8 


3.3 


2.7 


43 


46 


40 


— 2,000 


-88.8 


— 87.6 


-4L8 


-46.1 


-60.4 


44 


49 


L8 


L7 


2.1 


2.6 


40 


44 


48 


1,900 


8L2 


35.8 


89.3 


43.4 


47.5 


44 


48 


L2 


L6 


2.0 


44 


3.9 


43 


47 


1,800 


29.3 


83.0 


86.0 


40.7 


44.6 


44 


48 


L2 


L5 


L9 


48 


47 


41 


45 


1,700 


27.2 


80.8 


84.4 


oai 


4L8 


44 


47 


LI 


L6 


L8 


42 


46 


49 


43 


1,600 


25.8 


28.7 


82.1 


8&6 


349 


48 


47 


LO 


L4 


L7 


2.0 


44 


47 


41 


— 1,600 


23L4 


-26.6 


-29l7 


-82.9 


— 842 


43 


46 


LO 


L8 


LO 


LO 


43 


46 


2.9 


1,400 


21.5 


24.6 


27.5 


30.4 


844 


48 


46 


49 


L2 


L6 


L8 


41 


44 


2L7 


1,900 


19.7 


215 


25.2 


2a 


80.8 


48 


46 


•48 


LI 


L4 


L7 


L9 


2.2 


2.5 


1.200 


17.9 


205 


23.0 


23.6 


241 


48 


45 


0.8 


LO 


L3 


L5 


L8 


40 


2.3 


1,100 


1612 


1&5 


20.9 


23.2 


246 


42 


45 


47 


40 


L2 


L4 


L6 


L9 


2.1 


— 1,000 


-14.5 


-16.6 


— 18.7 


— 20lO 


-240 


42 


44 


46 


48 


LI 


L8 


L5 


L7 


t9 


900 


12.9 


14.8 


16.7 


ia6 


20.5 


42 


44 


46 


48 


49 


LI 


L8 


L5 


L7 


800 


1L8 


lao 


14.7 


148 


14 


42 


48 


45 


47 


48 


LO 


L3 


L8 


L6 


700 


9.7 


1L2 


12.7 


141 


15.6 


41 


0.8 


44 


46 


47 


40 


LO 


L2 


1.3 


600 


&8 


9.6 


10.7 


lao 


148 


d.1 


48 


44 


45 


46 


48 


49 


LO 


1.1 


— 600 


- 6.7 


— 7.8 


- 8.8 


— 0.9 


-11.0 


41 


42 


48 


44 


45 


46 


47 


48 


49 


400 


6.8 


6.1 


7.0 


7.8 


47 


41 


42 


48 


48 


44 


45 


46 


47 


48 


800 


8.9 


4.6 


0.2 


a8 


44 


41 


41 


42 


48 


48 


44 


44 


45 


46 


200 


8.6 


8.0 


8.4 


a8 


4.8 


40 


41 


41 


42 


42 


42 


48 


48 


44 


100 


L8 


L6 


L7 


L9 


2.1 


40 


40 


41 


41 


41 
5 


41 
6 


41 
7 


43 


42 


6^000 


7,000 


aooo 


9^000 


10,000 


1 


8 


8 


4 


8 


9 
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MEASURING HEIGHTS WITH THE BAROMETEB. 

A(B-A) 

TABLE OF VALUBS OF THERMIC TERM, — ^-^g; ^, IN FEET. 



0= Ap- 
proximate 
Altitade, 

in Feet. 


S 


1 = Vertical Base, In Feet 




Additional Hundreds of Feet 1 


1,000 


2,000 


8,000 


4,000 


5,000 


1 


2 


3 


4 


6 


6 


7 


8 





+ 100 


+ 0.2 


+ 0.4 


+ 0.6 


+ 0.8 


+ L0 


0.0 


ao 


ai 


ai 


ai 


ai 


ai 


a3 


as 


200 


0.8 


0.7 


LI 


L6 


2.0 


0.0 


ai 


ai 


a2 


a2 


as 


as 


as 


a4 


300 


0.4 


LO 


L6 


2.3 


2.9 


0.1 


ai 


a2 


a2 


as 


a4 


a4 


as 


as 


400 


0.5 


L8 


2.1 


8.0 


a8 


ai 


a2 


a2 


as 


a4 


as 


a6 


a? 


a7 


600 


0.5 


L5 


2.5 


3.6 


4.6 


ai 


a2 


as 


a4 


as 


as 


a7 


as 


as 


+ 600 


+ 0.5 


+ 1.7 


+ 2.9 


+ 4.2 


+ 8.4 


ai 


a2 


a4 


as 


as 


a7 


ao 


LO 


Ll 


700 


0.4 


L9 


3.3 


4.7 


a2 


ai 


as 


a4 


as 


a 7 


ao 


LO 


L2 


LS 


800 


0.8 


2.0 


8.6 


6.2 


a9 


a2 


as 


a 6 


a7 


as 


LO 


L2 


LS 


L6 


900 


0.2 


2.0 


8.9 


6.7 


7.6 


a2 


a4 


as 


a7 


ao 


Ll 


LS 


LS 


L7 


1,000 


0.0 


2.0 


4.1 


6.2 


a2 


a2 


a 4 


a 6 


a8 


LO 


L3 


L4 


L6 


LS 


+ 1,100 


— 0.2 


+ 2.0 


+ 4.8 


+ 6.5 


+ a8 


a2 


a4 


a7 


ao 


Ll 


LS 


L6 


LS 


ao 


1,200 


0.4 


L9 


4.4 


6.9 


9.4 


a2 


a5 


a7 


LO 


L2 


LS 


L7 


ao 


a2 


l.»N) 


0.8 


L8 


4.5 


7.2 


99 


a8 


a5 


as 


Ll 


LS 


L6 


L9 


ai 


a4 


1,400 


LI 


L7 


4.6 


7.5 


10.3 


a8 


as 


ao 


Ll 


L4 


L7 


ao 


as 


as 


1,500 


L5 


L5 


4.6 


7.7 


10.8 


as 


a6 


a9 


L2 


LS 


LS 


a2 


as 


as 


+ 1.600 


— 2.0 


+ L3 


+ 4.6 


+ 7.9 


+U.2 


a3 


a 7 


LO 


LS 


L6 


ao 


as 


as 


ao 


1,700 


2.4 


LO 


4.5 


&0 


1L5 


a8 


a7 


LO 


L4 


L7 


ai 


a4 


as 


ai 


1,800 


2.9 


0.7 


4.4 


&1 


1L8 


a4 


a7 


11 


LS 


1.8 


a2 


ao 


ao 


as 


1,900 


8.5 


0.4 


4.3 


&1 


12.1 


a4 


as 


L2 


L6 


ao 


as 


a7 


ai 


as 


2,000 


4.1 


0.0 


4.1 


&2 


las 


a4 


as 


L2 


L6 


ai 


as 


ao 


as 


a7 


+ 2,100 


— 4.7 


— a4 


+ 8.8 


+ ai 


+12.6 


a4 


a 9 


L3 


L7 


a2 


as 


ao 


a4 


a 9 


2,200 


5.4 


0.9 


8.6 


ai 


12.6 


a4 


a9 


L3 


LS 


a2 


a7 


ai 


as 


40 


2,800 


6.1 


L4 


3.3 


ao 


12.7 


a5 


a9 


L4 


L9 


as 


as 


as 


as 


42 


2,400 


6u8 


L9 


2.9 


7.8 


12.7 


0.5 


LO 


L5 


L9 


a4 


ao 


a 4 


ao 


44 


2,500 


7.6 


2.5 


2.5 


7.6 


12.7 


a5 


LO 


L5 


ao 


as 


ao 


as 


41 


46 


+ 2,600 


— &4 


— 8.2 


+ 2.1 


+ 7.4 


+12.7 


a5 


Ll 


L6 


ai 


as 


a 2 


a7 


42 


47 


2,700 


9.8 


8.8 


L6 


7.1 


12.7 


as 


Ll 


L6 


a2 


a7 


as 


as 


44 


40 


2,800 


30.2 


4.5 


LI 


a8 


12.6 


ao 


Ll 


L7 


as 


as 


a4 


40 


46 


ai 


8,900 


ILl 


6.8 


0.6 


as 


12.4 


a6 


L2 


LS 


as 


ao 


as 


41 


47 


as 


8,000 


12.1 


&l 


0.0 


ai 


12.2 


a6 


L2 


L8 


a4 


ao 


8:6 


48 


49 


as 


+ 3,100 


—13.2 


— 6.9 


— 0.6 


+ a7 


+12.0 


a6 


L8 


L9 


as 


ai 


as 


44 


ao 


a7 


8,200 


14.2 


7.8 


L8 


5.2 


1L7 


a6 


L8 


L9 


as 


a2 


ao 


45 


a2 


as 


3,300 


15w8 


&7 


2.0 


4.7 


1L4 


a7 


L8 


2.0 


a? 


as 


4.0 


47 


as 


ao 


8,400 


16.5 


9l6 


2.7 


4.1 


ILl 


a7 


L4 


2.1 


as 


a 4 


4.1 


48 


as 


a2 


8,500 


17.7 


10.6 


8.6 


a5 


10.7 


a7 


L4 


ai 


as 


as 


48 


ao 


a7 


a4 


+ 8,600 


— lao 


— 1L6 


— 4.4 


+ 2.9 


+10.2 


a7 


L6 


a2 


ao 


as 


44 


ai 


as 


as 


8,700 


20.1 


12.7 


5.2 


2.2 


9.7 


a7 


L5 


2.2 


ao 


a 7 


45 


a 2 


ao 


a7 


8,800 


2L4 


13.8 


6.1 


L5 


a2 


as 


L6 


as 


ai 


as 


46 


a4 


ai 


ao 


8,000 


22.8 


14.9 


7.1 


0.8 


a7 


as 


L6 


a4 


ai 


ao 


47 


as 


as 


7.1 


4»000 


24.2 


16.1 


ai 


0.0 


ai 


as 


L6 


2.4 


a 2 


4.0 


48 


a7 


as 


7,8 


+ 4.100 


—25.6 


—17.8 


— 9.1 


-a8 


+ 7.6 


as 


L7 


as 


as 


4.1 


ao 


as 


as 


7.4 


4,200 


27.0 


ia6 


10.2 


L7 


a8 


as 


L7 


a6 


a4 


4.2 


ai 


ao 


as 


7.6 


4,300 


2&6 


19.9 


1L8 


2.6 


ai 


ao 


L7 


as 


as 


4.8 


a2 


ai 


ao 


7.8 


4,400 


80.1 


2L8' 


12.4 


a6 


as 


a 9 


LS 


a7 


as 


4.4 


as 


a2 


7.1 


ao 


4,500 


8L6 


22.6 


13.6 


4.6 


4.5 


a9 


L8 


a7 


as 


46 


a4 


as 


7.2 


ai 


+ 4,600 


-38.2 


-24.0 


-14.8 


— a6 


+ 17 


a9 


LS 


as 


a7 


4.6 


as 


as 


7.4 


as 


.44700 


84.9 


25.5 


16.1 


a6 


2.8 


a9 


L9 


as 


as 


4.7 


a7 


as 


7.6 


as 


4.800 


86.6 


27.0 


17.4 


7.8 


L9 


LO 


L9 


ao 


as 


4.8 


as 


a 7 


7.7 


a7 


4,900 


3&8 


2a5 


ia7 


ao 


LO 


LO 


2.0 


a9 


a 9 


4.9 


ao 


as 


7.9 


as 


0,000 


40.1 


80.1 


20.1 


10.1 


0.0 


LO 


2.0 
2 


ao 
3 


4.0 
4 


ao 

6 


ao 


7.0 


ao 


90 


1.000 


2.000 


8.000 


4,000 


6.000 


1 


6 


7 


8 


9 
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TABtB OF VALUES OF THBRMIC TEBM, 



A(B — A) 



IN FKST. 



asAp- 

nroximate 

Altitado, 

in Feet 


B = Yertlcal Base, In Feet 


Additional HonOreds of Feet 1 


6,000 


7.000 


6.000 


0,000 


10.000 


1 


2 


3 


4 


5 

ai 


6 

ai 


7 

a2 


8 


9 


+ 100 


+ L2 


+ 1.4 


+ L6 


+ L8 


+ 2.1 


ao 


ao 


ai 


ai 


a2 


a2 


200 


2.4 


2.8 


3.8 


ao 


4.1 


ao 


ai 


ai 


a2 


a 2 


as 


as 


as 


a4 


800 


8L6 


4.2 


4.8 


a4 


ai 


ai 


ai 


a 2 


as 


as 


a4 


a6 


as 


a 6 


400 


46 


6.6 


&8 


7.1 


ao 


aj 


a2 


as 


as 


a4 


a6 


a6 


a7 


as 


600 


&7 


6.7 


7.8 


a8 


ao 


ai 


a2 


as 


a4 


a6 


as 


a7 


as 


a9 


+ ooa 


+ 617 


+ 7.9 


+ 0.8 


+ia4 


+1L7 


ai 


a2 


a4 


a6 


ao 


a7 


a 9 


LO 


Ll 


700 


7.6 


9.1 


10.6 


12.0 


ia5 


ai 


as 


a4 


ao 


a7 


ao 


LO 


L2 


LS 


800 


a6 


ia2 


1L9 


lao 


16.3 


a2 


as 


a6 


a 7 


as 


LO 


L2 


LS 


L6 


800 


9.4 


U.8 


13.8 


lai 


17.0 


a 2 


a 4 


ao 


as 


ao 


Ll 


L3 


L5 


L7 


1,000 


10.8 


12.4 


14.6 


ia6 


ia7 


a2 


a4 


ao 


as 


LO 


LS 


L5 


L7 


L9 


+ 1,100 


+IL1 


+13.4 


+15.7 


+iao 


+2a8 


a2 


a 6 


a7 


ao 


Ll 


L4 


L6 


LS 


ai 


1,200 


1L8 


14.8 


16L9 


ia4 


2L9 


a 3 


a 5 


as 


LO 


LS 


L5 


LS 


ao 


as 


1,800 


12.6 


16.2 


lao 


20.7 


2a4 


as 


a 6 


a 8 


Ll 


L4 


LO 


LO 


a 2 


a4 


1,400 


13.2 


l&l 


19.1 


22.0 


24.9 


a 3 


ao 


ao 


L2 


L6 


L8 


ao 


as 


ao 


1,600 


18.9 


17.0 


20.1 


23.2 


2a4 


A3 


a6 


a9 


L2 


L6 


LO 


a2 


as 


as 


+ 1,000 


+14.4 


+17.8 


+21.1 


+24.4 


+27.8 


as 


a 7 


LO 


L8 


L7 


ao 


as 


a7 


ao 


1.700 


l&O 


1&6 


22.1 


25.6 


2a2 


a4 


a7 


Ll 


L4 


LS 


ai 


as 


as 


a2 


1.800 


1&5 


19.2 


23.0 


2a7 


80.6 


a4 


a 7 


Ll 


L6 


L9 


a2 


ao 


ao 


a4 


1,000 


l&O 


19.9 


2a9 


27.8 


31.8 


a4 


as 


L2 


L6 


ao 


a4 


as 


a2 


ao 


2,000 


1&4 


20l& 


24.7 


2a8 


33.1 


a 4 


as 


L3 


L7 


ai 


a6 


ao 


as 


as 


+ 2.100 


+1&8 


+2L1 


+25.6 


+2a8 


+34.8 


a4 


ao 


LS 


L7 


a2 


ao 


ai 


as 


ao 


2.200 


17.1 


2L7 


2a2 


80.8 


3a4 


a6 


a 9 


L4 


LS 


as 


a7 


a2 


a7 


4.1 


2,800 


17.4 


22.2 


2a9 


8L7 


8a6 


a5 


LO 


L4 


L9 


a 4 


ao 


as 


as 


4.3 


2.400 


17.7 


22.6 


27.6 


82.6 


87.6 


a 5 


LO 


L6 


ao 


a5 


ao 


as 


4.0 


4.5 


2.500 


17.9 


28.0 


2a2 


33.4 


3a7 


a5 


LO 


L6 


ai 


ao 


ai 


as 


4.2 


4.7 


+ 2.000 


+18.1 


+23.4 


+2a8 


+34.2 


+3a7 


a5 


Ll 


LO 


a8 


a7 


a2 


as 


4.8 


4.9 


2.700 


ia2 


23.8 


29.4 


85.0 


40.6 


ao 


LI 


L7 


a2 


as 


a4 


ao 


4.5 


ao 


2.800 


1&8 


24.1 


29.9 


35.7 


4L6 


ao 


L2 


L7 


as 


ao 


a5 


4.1 


4.0 


a2 


2,000 


18.4 


24.8 


80.8 


8a3 


4a4 


a6 


L2 


L8 


a4 


ao 


ao 


4.2 


4.8 


a4 


8,000 


1&4 


24.5 


80.7 


sao 


4a2 


a 6 


L2 


L9 


a5 


ai 


a 7 


4.3 


ao 


ao 


+ 8,100 


+ia8 


+24.7 


431.1 


+37.5 


+44.0 


a 6 


L3 


L9 


ao 


a 2 


ao 


4.5 


ai 


as 


8,200 


1&8 


24.8 


3L6 


3ai 


44.7 


a7 


L3 


ao 


ao 


as 


4.0 


4.0 


as 


ao 


8,300 


1&2 


24.9 


31.8 


3a 


4a 4 


a 7 


L4 


ao 


a7 


a 4 


4.1 


4.S 


a4 


ai 


8,400 


lao 


26.0 


82.0 


89.0 


4ai 


a7 


L4 


ai 


as 


a5 


4.2 


4.0 


ao 


as 


8,600 


17.8 


25.0 


82.2 


8a 4 


4a 7 


a7 


L4 


a2 


ao 


ao 


4.3 


ai 


as 


ao 


+ 8.000 


+17.6 


+25.0 


+32.4 


+39.8 


447.3 


a7 


L5 


a2 


ao 


a 7 


4.5 


a2 


ao 


a7 


8,700 


17.8 


24.9 


82.6 


40.1 


47.8 


as 


L6 


as 


ao 


as 


4.6 


as 


ai 


ao 


8,800 


17.0 


24.8 


82.6 


40.4 


4a3 


as 


L6 


as 


ai 


ao 


4.7 


as 


as 


7.0 


8.900 


16.7 


24.6 


82.6 


40.7 


4a8 


as 


L6 


a4 


a2 


4.0 


4.S 


ao 


a4 


7.2 


4.000 


16.8 


24.4 


82.7 


40.9 


48.2 


as 


L6 


as 


as 


4.1 


4.0 


as 


ao 


7.4 


+ 4.100 


+16.8 


+24.2 


+82.6 


H-41.1 


44a5 


as 


L7 


a5 


a4 


4.2 


ai 


ao 


a7 


7.6 


4,200 


15.4 


23.9 


82.6 


4L2 


4a 


ao 


L7 


ao 


a4 


4.3 


a 2 


ao 


ao 


7.8 


4,800 


14.8 


23.6 


82.4 


41.8 


50.2 


ao 


L8 


a7 


a6 


4.4 


as 


a2 


7.1 


ao 


4.400 


14.8 


23.8 


82.8 


41.3 


50.4 


ao 


L8 


a7 


ao 


45 


a4 


as 


7.2 


ai 


4.600 


13.7 


22.9 


32.1 


41.3 


sao 


a 9 


LS 


as 


a 7 


4.0 


a5 


a5 


7.4 


as 


+ 4. COO 


+13.1 


+22L4 


+8L8 


-HL8 


+50.8 


a9 


LO 


as 


as 


4.7 


a7 


ao 


7.6 


as 


4.700 


12.4 


2L9 


81.5 


41.2 


50.0 


LO 


L9 


ao 


as 


4.8 


as 


a7 


7.7 


a7 


4.800 


11.7 


21.4 


81.2 


41.1 


6L0 


LO 


ao 


a9 


ao 


4.0 


ao 


ao 


7.9 


•as 


4.000 


10.9 


20.9 


80.9 


4a 9 


61.0 


LO 


ao 


ao 


4.0 


ao 


ao 


7.0 


ao 


ao 


6,000 


10.1 


20.3 


80.6 


4a 7 


51.0 


LO 


ao 

2 


ai 

3 


4.1 


ai 


ai 

6 


7.2 
7 


a2 

8 


a2 


6.000 


7,000 


aooo 


9.000 


10.000 


1 


4 


5 


9 
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TABLE OF VALUES OF THERMIC TBBM, 



A (B-A) 
D ' 



VX FKBT. 



as Ap- 
proximate 
A1tttad^ 
in Feet 


B B Yerticol Baae, in Foet 


A ddittonal Hundred* of Feet. 1 


1,000 


2.000 


3,000 


4.000 


5.000 


1 


2 


8 


4 


5 


6 


7 
7.2 


8 
18 


9 


+ 6^100 


-.4L9 


— 8L7 


-2L6 


— 1L3 


— LO 


LO 


2.0 


8.1 


4.1 


5ul 


11 


12 


5^200 


43.7 


83.4* 


23.0 


12.6 


2.1 


LO 


2.1 


8.1 


4.2 


5.2 


12 


7.8 


18 


14 


6,300 


45.6 


35l1 


24.5 


18.9 


8.2 


LI 


2.1 


8.2 


4.2 


5.8 


14 


7.4 


15 


15 


6,400 


47.5 


86.8 


26.0 


15.3 


4.8 


LI 


2.2 


8.2 


4.8 


6.4 


16 


7.6 


16 


17 


6^500 


49.5 


88.6 


27.6 


16.6 


6.5 


LI 


2.2 


8.3 


4.4 


5.6 


16 


7.7 


18 


19 


+ 6,600 


-ffL6 


— 40.4 


— 20.2 


— l&O 


— 6.8 


LI 


2.2 


&4 


4.6 


16 


17 


7.8 


10 


111 


6,700 


68.6 


42.2 


20.9 


19.5 


&0 


LI 


2.3 


3.4 


4.6 


17 


18 


10 


11 


118 


6,800 


65.6 


44.1 


82.6 


21.0 


9.3 


L2 


2.3 


3.5 


4.6 


18 


19 


11 


18 


114 


5,000 


67.7 


46.C 


84.3 


22.5 


10.7 


L2 


2.4 


3.5 


4.7 


19 


7.0 


12 


14 


116 


6,000 


59.9 


4&I 


86.1 


24.1 


12.1 


L2 


2.4 


3.6 


4.8 


10 


7.2 


14 


16 


118 


+ 6,100 


-62.1 


— 50.0 


— 87.9 


-25.7 


—13.5 


L2 


2.4 


3.7 


4.9 


11 


7.3 


16 


18 


119 


6,900 


64.8 


62.0 


39.7 


27.4 


15.0 


L2 


2.5 


3.7 


4.9 


12 


7.4 


16 


19 


ILl 


6,300 


66.6 


64.1 


4L6 


29.1 


16.5 


1.8 


2.5 


3.8 


6.0 


18 


7.6 


18 


110 


1L8 


6,400 


68.9 


66.2 


43.6 


80.8 


lao 


L3 


2.5 


8.8 


6.1 


14 


7.6 


19 


112 


1L4 


6,500 


7L2 


58.4 


45.6 


32.6 


10.6 


L3 


2.0 


3.9 


6.2 


14 


7.7 


10 


118 


1L6 


+ 6,600 


-73.6 


— 60.6 


— 47.5 


— 84.4 


—21.2 


L3 


2.0 


3.9 


5.2 


15 


7.9 


12 


116 


1L8 


6,700 


76.0 


63.8 


49.6 


86.2 


22.9 


L8 


2.6 


4.0 


&8 


16 


10 


18 


116 


12.0 


6,800 


78.6 


65.1 


5L7 


88.1 


24.6 


L8 


2.7 


4.0 


5.4 


17 


11 


14 


118 


12.1 


6,000 


8L0 


07.4 


53.8 


— 40.1 


. 20.8 


L4 


2.7 


4.1 


5.5 


18 


12 


16 


ILO 


1Z3 


7,000 


83.6 


6a7 


55.9 


42.0 


28.1 


L4 


2.8 


4.2 


5.5 


19 


13 


17 


ILl 


12.5 


+ 7.100 


-80L1 


— 72.1 


— 68.1 


-44.0 


-29.9 


L4 


2.8 


4.2 


6l6 


7.0 


14 


18 


n.8 


12.6 


7,200 


8&7 


74.5 


60.8 


46.1 


81.7 


L4 


2.8 


4.3 


5.7 


7.1 


15 


110 


1L4 


12.8 


7,800 


91.3 


77 


62.6 


48.1 


83.6 


L4 


2.9 


4.3 


6.8 


7.2 


16 


111 


1L5 


110 


7,400 


94.0 


79.5 


64.9 


50.8 


86.6 


L5 


2L9 


4.4 


5.8 


7.8 


18 


112 


1L7 


112 


7,600 


96.7 


82.0 


67.2 


62.4 


87.5 


L5 


8.0 


4.4 


5.9 


7.4 


19 


114 


1L8 


118 


+ 7.600 


-99.5 


-84.6 


— 69.6 


-54.6 


— 3a5 


L5 


8.0 


4.5 


&0 


7.5 


10 


115 


12.0 


116 


7,700 


102.8 


87.2 


72.0 


56.8 


4L0 


L6 


8.0 


4.6 


6.1 


7.6 


11 


116 


12.1 


117 


7,800 


106.1 


80.8 


74.5 


58.1 


43.7 


L6 


3.1 


4.6 


6.1 


7.7 


12 


117 


12.8 


13.8 


7,900 


lO&O 


92.5 


77.0 


61.4 


45.8 


L6 


8.1 


4.7 


6.2 


7.8 


18 


119 


12.4 


14.0 


8,000 


U0.9 


95.2 


79.6 


63.8 


47.9 


L6 


8.1 


4.7 


6.8 


7.9 


14 


ILO 


12.6 


14.2 


+ 8,100 


-118.9 


— 9&0 


— 82.1 


— 60.2 


-50.1 


L6 


8.2 


4.8 


6.4 


10 


16 


1L2 


12.8 


14.4 


8.280 


U&9 


100.8 


84.7 


6a6 


62.8 


L6 


8.2 


4.8 


6.5 


11 


17 


1L8 


12.9 


14.5 


8.800 


U9l9 


103.6 


87.4 


7L0 


64.6 


L6 


8.8 


4.0 


&6 


12 


18 


1L4 


111 


14.7 


8.400 


122.9 


106L6 


90.1 


73.5 


56.9 


L6 


8.8 


4.9 


6.6 


12 


19 


1L5 


112 


14.8 


8^500 


126.0 


100.4 


92.8 


7&0 


6a3 


L7 


8.8 


5.0 


17 


18 


110 


1L7 


114 


110 


+ 8,600 


-129.2 


— 112L4 


— 95.5 


— 7&6 


-61.7 


L7 


8.4 


5.1 


6.7 


14 


111 


1L8 


115 


112 


8.700 


182.8 


115.4 


98.3 


8L2 


64.1 


L7 


8.4 


5.1 


18 


15 


112 


1L9 


116 


118 


8.800 


135.6 


11&4 


10L2 


88.9 


66L5 


L7 


8.4 


&2 


6.9 


16 


118 


12.1 


118 


115 


8,900 


13a 8 


12L4 


104.1 


816 


69.0 


L7 


&5 


5.2 


7.0 


17 


115 


12.2 


14.0 


117 


9.000 


142.1 


124.5 


107.0 


89.3 


7L6 


L8 


a5 


&8 


7.0 


18 


116 


12.8 


14.1 


119 


+ 8.100 


-145.4 


—127.7 


—109.9 


— 92.1 


—74.2 


L8 


8.6 


5.8 


7.1 


19 


117 


12.5 


14.2 


110 


^200 


14^7 


180.8 


112.9 


94.9 


76.8 


L8 


8.6 


5.4 


7.2 


10 


118 


12.6 


14.4 


112 


9.800 


162.1 


184.0 


115.9 


07.7 


79.4 


L8 


8.6 


6.4 


7.8 


11 


119 


12.7 


14.5 


114 


9.400 


155.6 


137.3 


119.0 


100.6 


82.1 


L8 


a7 


6.5 


7.4 


12 


ILO 


12.9 


14.7 


116 


0.500 


159.0 


140.6 


122.1 


108.6 


84.8 


L9 


3.7 


5.6 


7.4 


18 


ILl 


110 


14.8 


117 


+ ».600 


-162.5 


—143.9 


—125.2 


-106.4 


—87.6 


L9 


8.7 


5.6 


7.5 


14 


1L2 


111 


110 


119 


0.700 


160L1 


147.2 


1214 


109.4 


90.4 


L9 


8.8 


5.7 


7.6 


16 


1L4 


112 


111 


17.0 


9.800 


169.6 


150.6 


18L6 


112.4 


96.2 


L9 


8.8 


6.7 


7.6 


15 


1L6 


114 


118 


17.2 


9.900 


178.2 


164.1 


134.8 


11&5 


06.1 


L9 


8.9 


5.8 


7.7 


10 


ILO 


13,5 


114 


17.4 


10.000 


17&9 


157.5 


138.1 


11&6 


90.0 


L9 


3.9 


5.8 
3 


7.8 
4 


17 
5 


11.7 
6 


110 
7 


15.0 
8 


17.5 


1.000 


2,000 


8.000 


4.000 


6,000 


1 


2 


9 
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A(B— A) 

TABLB OF 7ALUES OF THBRMIC TBBM, ^ ^ -^ IN FBST. 



ass Ap- 
proximate 
AlUtnde, 
in Feet 


BssYertioal Base, in Feet 


Additional Hundreds of Feet | 


6,000 


7,000 


8,000 


9,000 


10.000 


1 


2 


8 


4 


6 

as 


6 


7 


8 

as 


9 

a4 


+5.100 


+ 9.8 


+19.6 


+8ai 


+fta5 


+61.0 


LO 


ai 


ai 


4.2 


as 


7.8 


6^200 


&4 


19.0 


29.6 


40.2 


50.9 


1.1 


ai 


a2 


4.2 


as 


a4 


7.4 


a5 


ao 


6^300 


7.5 


1&8 


20.1 


89.0 


60.8 


1.1 


a2 


a2 


4.8 


a4 


a5 


7.6 


a7 


a7 


5^400 


6.6 


17.5 


28.5 


39.5 


50.6 


LI 


a2 


as 


4.4 


as 


a6 


7.7 


as 


a9 


0^600 


8.6 


16.7 


27.9 


sai 


50.4 


LI 


a2 


a4 


4.5 


a6 


a7 


7.8 


ao 


lai 


+8y«00 


+ 4.6 


+15.9 


+27.8 


+8a7 


+50.2 


LI 


as 


a 4 


4.6 


a7 


a9 


ao 


ai 


las 


5^700 


8.5 


15l0 


26.6 


8a2 


4a 9 


L2 


as 


a5 


4.6 


as 


7.0 


ai 


as 


ia4 


6,800 


2.4 


14.1 


2&9 


87.7 


4a 6 


L2 


a4 


as 


4.7 


as 


7.1 


as 


a4 


lao 


6,000 


1.2 


18.1 


25.3 


87.1 


4a 2 


L2 


a4 


a6 


4.8 


ao 


7.2 


a4 


ao 


las 


6,000 


0.0 


12.1 


24.8 


86.6 


4a8 


L2 


a4 


a7 


4.9 


ai 


7.8 


as 


as 


ILO 


+6.100 


— 1.2 


+11.1 


+23.6 


+8a9 


+4a3 


L2 


a6 


a7 
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SUPPLEMENTARY NOTE 

OHf THE BlilMINATION" OF THE INFIiUBNCB OP WIND 
PBESSUBE FROM BAROMETRIC OBSERVATIONS. 

One result of the inquiry detailed in Chapter IV was the discovery 
that the pressure of the wind introduced a large error into the series of 
barometric observations made on Mount Washington in June, 1873. • A 
northwest wind of 50 miles per hour, by drawing air out of the observ- 
atory (presumably through the chimney), caused the mercury in the 
barometer to stand .13 inch too low. Since the power of the wind to 
produce such effects is proportioual, not to its simple velocity, but to 
the square of its velocity, it is evident that such a wind as the strongest 
observed at that station may utterly vitiate the record of the barometer. 
A wind with a velocity of 100 miles per hour would, under the same 
conditions, depress the barometer more than half an inch; and, after 
making every allowance for inaccuracy of velocity determinations, it 
cannot be doubted that that station is frequently subjected to a wind 
of that spee'd. In hypsometfjT, "a" barometric error of one half inch 
affects the computed height 500 feet. In the plotting of isobaric maps, 
such as are daily prepared by the Weather Bureau of the Army, it dis- 
places five of the curves, putting them on the wrong side of the station 
where the error is incurred, and correspondingly distorting the contours 
of storms. 

Not all winds had this effect at Mount Washington. Perhaps none 
do in the present observatory, for the building now occupied is not the 
one in use in June, 1873. But the danger certainly exists, and it is in- 
curred by all stations subject to high winds. If any such errors occur, 
even though comparatively small, they cannot fail both to retard the 
development of the science of storms and to add to the uncertainty of 
meteorologic prediction. It is therefore important that the difBculty be 
thoroughly met. How shall this be donet 

It is safe to say that it cannot be met by merely applying a correction 
to the reading of the barometer withotit attempting to control the con- 
ditions to which it is exposed. To make such a correction ef^cacious, 
we should need to know not simply the general influence of the wind 
upon the tension of the air in each room used as a meteorologic observ- 
atory, but the special influence of each particular wind, and this knowl- 
edge would be in the highest degree difScult to obtain. If we had some 
standard for comparison it would be possible to observe the actual errors 
at each observatory, and from them to construct a table of corrections 
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applicable to the readings of the barometer; bat while the wind blows^ 
one barometer is as much a standard as another, since no room can be 
known to be exempt from the disturbing inflaence. 

It follows that the conditions mast be controlled. We must bring 
special apparatas to oar aid and pat the barometer in snch relation to 
the wind that it will either record the normal pressure or else deviate 
from it by an ascertainable amount. 

Three types of apparatas suggest themselves, each of which incloses 
the barometer in an air-tight case and connects the interior of the case 
with the outer air by means of a tube, the open end of which is made 
to assume a definite relation to the wind. If we exclude oblique posi- 
tions from consideration, there are three relations which may be assumed 
by the tube. The aperture may be turned toward the wind {a in the 
diagram), it may be turned from the wind (c), or it may be directed at 
right angles to the course of the wind {b). It is evident that the wind 
will force air into the tube a, and thus increase the tension within the 

tube 3 it is evident that it will draw air out 
of the tube o, and thus diminish the tension 
within; and it has been shown by the ex- 
periments of Magius and Hagemann* that 
air is drawn also from the tube bj so as to 
produce a diminution of tension. The in- 
crease of tension in the tube a is equal to 
the horizontal force of the wind. Hage- 
mann's experiments indicate that the de- 
crease of tension in the tube b is likewise 
equal to the force of the wind, but his 
demonstration is indirect, and perhaps 
should not be accepted without further ex- 
periment. The tension in the tube o has 
not been investigated, but it is a priori 
probable that its deficiency as compared 
with the normal tension is equal to the excess produced in the tube a. 
The fibrst suggested apparatus is as follows: Insulate a barometer 
from the air tension of the observatory, either by encasing the instru- 
ment or by encasing its cistern, and establish a communication with the 
outer air by means of a tube exposed to the wind in one of the three 
indicated ways. If the tube b is selected, it will need merely to be 
directed upward and so placed with reference to surrounding objects 
that it will be exposed to none but horizontal air currents. If a or c 
is used, it must be joined to a vane in such way as to maintain a con- 
stant relation to the direction of the wind. Whichever tube is employed, 
there must be placed near it an anemometer of some sort. If the tube 
a is used, the pressure indicated by the barometer will be greater than 
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Fxo. 82.~DiagrBxn showing Bela- 
tdone of Tnbe Apertores to Wind. 
The Arrow points the Direction to- 
ward which the Wind is supposed 
to Blow. 



* See reference on page 633. 
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the nonnal pressure; i{ b or c is used, it will be less than the uormal ; 
and in either case the correction necessary to be applied to the reading 
in order to deduce the normal pressure will be derivable from the 
velocity or pressure of the wind, as given by the anemometer. 

The second suggested apparatus uses two barometers instead of one, 
and discards the anemometer. The barometers are independently in- 
closed. One of them is exposed to the wind by means of a tube of the 
form a, and gives a reading too high ; the other is exposed to the wind 
by means of a tube like b or o, and gives a reading too low. The true 
reading, or the normal pressure, is evidently a function of the two 
abnormal readijigs, and is derivable from them. 

The difference between the two readings depends upon the force of the 
wind, and may be made to serve as its measure. The second apparatus 
might therefore be used also as an anemometer. 

In the third suggested apparatus a single barometer is made to com- 
municate with the outer air by means of two or more apertures. Let 
us suppose that the tubes a and o are connected at bottom with a box 
which is otherwise closed. The wind forces the air into the box through 
the tube a, and draws it from the box through the tube c. The tendency 
of the inflowing air is to increase the tension in the box; the tendency 
of the outflowing air is to diminish it; and it is conceivable that the 
tubes can be so adjusted in size and form that the two influences shall 
neutralize each other, whatever the velocity of the wind, and leave a 
normal tension in the box. If this can be done, then a barometer put 
in communication with the box will record the normal atmospheric 
pressure, and its indication will require no correction. 

Neither apparatus can be qualifled for its work without a preliminary 
series of experiments, but there seems no reason to question that, with 
suitable details, either of them may be made to serve the purpose. 
A number of precautions and mechanical devices have occurred to the 
writer, which need not be described, because they will readily suggest 
themselves to any competent person who undertakes the experimenta- 
tion necessary to the development of an apparatus. 

It is to be observed that the third plan is the only one which promises 
any relief to the itinerary observer, and that the best relief it can pos- 
sibly afford is but partial. And this leads to the further observation 
that the disturbing influence of the wind is two-fold, and that only one 
factor of it can be counteracted by apparatus. Besides the abnormal 
tensions communicated to apartments through apertures, there is an- 
other set of abnormal tensions, arising wherever the wind blows across 
an uneven surface. We may imagine that a level plain swept by a wind 
may sustain an equal pressure on every part, but if the continuity of 
the plain be interrupted by any projecting object, such as a hill or a 
house, an inequality of tension is produced. The atmospheric tension 
and pressure upon the windward side of the obstruction become abnor- 
mally great, and upon the lee side abnormally small. This is an ine- 
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quality dependent upon locality, and cannot be corrected by mechanical 
appliances. Tdeoietically, there seems no way to avoid it except by 
the selection of localities for observation, and that selection is a matter 
of ^difficulty. A fixed observatory is itself an obstruction to the wind, 
and even if there are no other buildings in its vicinity it must be sur- 
rounded during a strong wind by a system of abnormal tensions. The 
mountain peak upon which the geographer has so fi^nently to read his 
barometer, and upon which he so often encounters a strong wind, is an 
obstruction of the most prominent kind. If he hangs his barometer on 
the windward side of the summit, he can be sure that his reading will be 
too high ; if on tiie leeward side, that it will be too low; but there seems 
no possible way of selecting for observation a point subject to the nor- 
mal pressure. 



POSTSCRIPT ON GRAPHIC TABIiB. 

In the application of the table for the thermic correction, pages 556- 
561, a double interpolation is frequently necessary; and a double inter- 
polation is always inconvenient. It is especially irksome in this case 
because the total value of the correction is so small as compared with 
the altitude it modifies. An attempt has therefore been made to avoid 
it by the construction of a graphic table, but the latter was not com- 
pleted in time for the first edition of the volume. It is here added in 
Plate LXII, and a few words are necessary in explanation. 

Vertical distances in the graphic table represent heights of base line, 
or values of B in the formula. Their origin or zero is at the base of the 
diagram. A horizontal line is drawn at each hundred feet, and a stronger 
line at each thousand feet. The thousand-feet marks are numbered at 
the right. 

Horizontal distances represent values (in feet) of the approximate 
altitude — a of the formula — ^and each hundred feet is indicated by a 
vertical line. The zero line, or the origin of horizontal distances, is not 
at the margin of the diagram, but is between the middle and the right- 
hand margin, as indicated by the numbering at the bottom. Distances 
to the left of this line represent positive values of the approximate 
altitude, and distances to the right represent negative values thereof. 
The positive values run from to 8,000 feet, the negative from to 3,000 
feet. 

Upon this reticle of straight lines a system of curves is drawn, and 
each curve represents a value of the thermic correction or thermic term, 

AOfu^ui ^^ *^® formula. The curve which falls nearest to the zero 

4i7UU00 

line of approximate altitudes corresponds to a correction of ^ foot, the 
curve next it to a correction of 1^ feet, the third to 2^ feet, etc. For 
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every point between the first and second carves the correction is greater 
than i foot and less than 1^ feet, or, if fractions are disregarded, it is 1 
foot So, for all points falling in the next space the correction is 2 feet, 
etc. The nnmbers on the upper and left hand margins apply to these 
spaces and show the values of the thermic correction corresponding to 
them. . They are written opposite every fifth space, and the correspond- 
ing spaces are given a tint for convenience in tracing across the page. 



EXAMPLE ILLUSTRATING USE OF TABLE. 

When B = 7,210 feet and a = +2,670 feet, required the value of the 
thermic correction. 

First, find by the aid of the right-hand index the horizontal line cor- 
responding to 7,200 feet, then from the index at the base the line corre- 
sponding to +2,600 feet. Trace them to their intersection. By inspec- 
tion determine a i)oint |V of the ruled square above this intersection 
and ^ of the ruled square to the right of it. This point indicates the 
intersection of the undrawn lines representative of the arguments 7,210 
feet and 2,570 feet. Note the relation of this point to the curved spaces } 
the space containing it is next to one of the tinted spaces. Tracing the 
tinted space in either direction to the margin of the diagram its index 
is found to.be +25 feet, and the index of the space next it is therefore 
+24 feet — ^the desired thermic correction. 

If this same example were solved by means of the table on page 659 
the value 24.3 feet would be obtained, but the refinement implied by the 
definition of the tenths of a foot is a useless one, as has already been 
explained on page 460. 

The computer who has to determine a large number of new stations 
by reference to a single pair of base stations, will find it advantageous 
to draw ux>on the graphic table a horizontal red line representative oi 
his particular value of B. He will thus produce with a minimum of 
effort a one-argument table equivalent to that recommended on page 665. 

This graphic table is in some sense an experiment. The idea, indeed, 
is not novel, but it has not been widely applied. It appears to the writer 
that a similar plan might advantageously be adopted for the tabulation 
of factors dependent upon two arguments whenever the arguments are 
large as compared with the tabulated factor; or rather, whenever the 
number of digits used to express each argument is large as compared 
with the number of digits used to express the dependent factor. 
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GEOLOGY OF THE CAPE COD DISTRICT. 



By N. S. Shaleb. 



INTRODUCTORY NOTE. 

It was at first intended that thid paper shoald iuclade the geology of 
the peninsula of Gape God only, bat the progress of the work has 
made it necessary to extend the consideration so as to take some accoant 
of the structure and the succession of deposits exhibited in portions of 
the mainland, as well as on the islands to the southward. The progress 
of the inquiry has made it necessary to limit the scope of the work to 
a somewhat extended discussion of the evidence that goes to show the 
series of geological events which have occurred in this district since 
the beginning of the Gretaceous period. Such of the facts as pertain 
to this discussion are given in this paper; further details will be set 
forth in the geological folios of the area, which it is expected will shortly 
be ready for the press.* 

Inquiries in this field have been very limited in their number and 
range. Those instituted by the United States Geological Survey have 
resulted in a Report on the Geology of Marthas Vineyard, in the Seventh 
Annual Report of the Director (for 1885-86) 5 a report on The Geology 
of Nantucket, being Bulletin No. 53 (1889) of the Survey series (both by 
the writer of this paper) ; a report on The Glacial Brick Glays of Rhode 
Island and southeastern Massachusetts, by N. S. Shaler, J. B. Wood- 
worth, and G. F. Marbut, in Part I of the Seventeenth Annual Report 
of the Survey (for 1895-96) 5 and the unpublished folios above referred to. 

The reader of the above-named published reports and of this paper 
will perceive that the Gape God district has unexpectedly revealed a 
considerable range of phenomena, the discussion of which is certain to 
throw much light on the geological history of the Atlantic coast line. 
Unfortunately the evidence concerning the succession of these phenom- 
ena is of a very obscure nature, and it is therefore not surprising that 
in the reports above referred to some of it was misapprehended and 
much was not discerned. Nor must it be supposed that in the following 
pages anything like a final statement of the facts or of the conclusions 
to be drawn from them is to be found. Such a statement can not be 
expected until investigation has gone much further. 

I take pleasure in acknowledging indebtedness to Mr. J. B. Wood- 
worth for advice in some parts of the work, and to Messrs. Mark S. W. 
Jefferson and John Gardner for help in obtaining the photographs from, 
which the illustrations are taken. 
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ORIGLN" OF CAPE COD PENINSUI^, 

The origin and structure of the peninsula of Cape Cod have been a 
matter of passing interest to all who have considered the geology of 
the southeastern portion of New England. The peculiar spit-like form 
of this promontory was at first, and naturally, supposed to be accounted 
for by the action of the marine currents to which are due the construc- 
tion of so many of the lesser capes along this portion of the Atlantic 
shore. When it became evident that a large portion of the materials 
composing the higher parts of the cape had been brought into position 
by the action of ice during the last Glacial period, the spit theory was 
abandoned, and it was at once assumed that the greater part of this 
area owed its existence as dry land to the morainal and stratified drift 
deposits which are so evident on the surface, the northeast-ern extremity 
being a later addition, made by the action of marine waves and currents. 

The last-noted hypothesis as to the origin of Cape Cod, by glacial 
action, long appeared to have much support from the view, so generally 
entertained, that the outer morainal deposits formed during the advance 
of the ice were likely to be massive and of great extent; so that it thus 
seemed reasonable to suppose that the portion of this cape that was 
evidently not due to marine agencies was accumulated as a frontal 
moraine. An inspection of this field aloue, without the use of correc- 
tions which may be obtained from other parts of the country, almost 
necessarily leads the observer to adopt the view last mentioned. It 
was not until I had seen much of the morainal deposits of the region 
between the Cordilleras and the Atlantic shore, and had made a study 
of the relations of those accumulations to the Tertiary and Cretaceous 
rocks of Marthas Vineyard, Nantucket, and other parts of the Atlantic 
coast line between southern New Jersey and Boston Bay, that I gained 
what seemed to me to be a truer insight into the nature of the singular 
X)eninsula of Cape Cod. On this account it appears desirable to pref- 
ace the study of this district by an account of the facts revealed in 
neighboring fields which seem to throw light on its problems. 

GENERAL. REIiATIOISrS OF THE DISTRICT. 

A glance at a map of the eastern shore of North America will show 
that the peninsula of Cape Cod is in some respects the most peculiar 
feature of this coast line; geographically considered, it is in a high 
measure exceptional. Its crescentic form, as before remarked, is by 
no means unique, except as to the great size of the hook, many of the 
sand spits imitating in a small way the general coastal outline of this 
peninsula; but in the bold manner in which this salient projects from 
the shore, in its strong topographical relief, and in the character of its 
coast line, it finds no parallel, so far as I have been able to ascertain, in 
any country. This exceptional geographical character naturally leads 
an observer who is aware of the indicative value of such features to 
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seek the origin of this cape in conditions of an onnsual sort, such as will 
become apparent in a discussion of the general relations of the district. 

It has long been known that the Cretaceous and Tertiary deposits so 
extensively developed in the southern portion of the Atlantic States 
of this country are continued in an interrupted belt lying to the east of 
the more ancient rocks as far north as southeastern Massachusetts, the 
Cretaceous extending up to the deposits on Marthas Vineyard and the 
Miocene Tertiary reaching to Marshfield, a point some distance north of 
the northern border of Cape Cod. Associated with these Mesozoic and 
Cenozoic deposits are extensive series of stratified sands and gravels 
which have hitherto been commonly classified with the glacial drift. 
South of New York these beds show little signs of disturbance by 
erogenic action; such distortions as have been noticed in the beds can 
apparently in most cases be explained by accidents of deposition. 
North of New York, on Long Island and in the isles to the eastward, 
these beds have been subjected to dislocation, which in Marthas Vine- 
yard becomes profound, so far as is indicated by the attitude of the 
beds, exceeding on the average the distortions of the Appalachian 
Mountain district or of the neighboriug field of the Narragansett Basin. 

Certain observers have sought to account for the dislocations of 
these newer rocks on the New England shore district by supposing 
them to be due to the action of the glaciers of the last ice epoch. As 
I have elsewhere noted, this view seems quite inadmissible, for the 
reason that the uplifting and folding of the beds took place long before 
the advent of the last ice epoch. As this point is of much importance 
in the discussion of the problem as to the origin of Cape Cod, it will 
be well to present the facts in some detail, especially as certain exca- 
vations recently made on Marthas Vineyard have somewhat extended 
our knowledge concerning the history of the glacial work in that field. 

On Marthas Vineyard the Cretaceous and Tertiary strata, exhibiting 
a total section of probably 1,000 feet or more, are cast into folds of con- 
siderable amplitude, some of them apparently exceeding 1,500 feet in 
transverse extent. These folds are compressed, overturned, and faulted ; 
in a word, they exhibit all the marks of mountain-building actions work- 
ing on stratified deposits of weak resistance to compression and not 
deeply buried. So general and effective has this dislocation been that 
it has involved all the rocks which are exposed to view, the average 
dip of the strata perhaps exceeding 40 degrees. 

In these exceedingly disturbed strata river valleys were excavated 
which had their position determined in the usual manner, the greater 
streams following in general the strike of the beds, the lesser — those 
occupied by the temporary streams — ^running at right angles thereto. 
The larger of these valleys, that of Tisbury Eiver, is about one- third 
of a mile wide and more than 100 feet deep. Upon this normal and 
well-developed toi)ography, which indicates a continuance of stream 
erosion that must have occupied a period to be measured by tens of 
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thousands of years, came the glacier of the last ice epoch. I have 
elsewhere^ noted the fact that this ice sheet had little erosional effect 
upon the topography of this island, and the impression made by my first 
studies has been confirmed by recent inquiries in the same field. The 
facts may be briefly stated as follows : 

The ice sheet failed to obliterate many details of the topography 
which were due to differential erosion before the advent of the glacier. 
At many points the ridges of harder rock, though at most no firmer 
than compacted sand or soft clay, stand evidently as they were origi- 
nally formed. So imperfectly did the ice abrade the surface that the 
white and red colors of the clays is rarely traceable to a height of a 
foot above the contact of the till with the underlying beds. Although 
along the crests of the greater ridges there are morainal accumulations 
which have in places a thickness of from 20 to 50 feet, these are limited 
to the northern side of the island; the southern part has only slight 
moraines. Over nearly one-half the area in which the Cretaceous and 
Tertiary strata ri^e above the level of the sea the till coating does not 
averages feet in thickness, and many fields of a hundred acres or more 
in extent are essentially driftless. On the southern shore the evidence 
at present afforded by the rapidly retreating cliffs is to the effect that 
a deeply incised topography formed in the Nashaquitsa clays was not 
eff'aced, the sharp valleys being merely filled in with the drift deposits. 
In a word, the conditions of this area indicate that the glacier of the 
last ice epoch was of such slight dynamic value that it produced little 
erosion and that all the important dislocatory work was done long 
before it came upon the district. 

It is to be said that there is some evidence of ice action shown by the 
character of the latest-formed deposits of the disturbed stra^ta, seen in 
the presence in one of the conglomerates exhibited at Gay Head of peb- 
bles and bowlders apparently derived from the region of Narragansett 
Bay, incladiug one fragment of the very characteristic ilmenite from 
Iron Hill, in the town of Cumberland, Rhode Island. But this ice period 
of the Pliocene or Pleistocene time was, if it existed, so far as we can 
discern, an even less effective invasion than that of the last Glacial 
epoch, and, as it came before the dislocation of the beds, can not pos- 
sibly be made to account for their disturbance. There is thus no 
reason to doubt that the extensive stress phenomena of this field must 
be explained by supposing that they are in some way the result* of ero- 
genic action. We are, indeed, justified in assuming that along the 
section of the shore line extending, it may be, from western Long 
Island to the island of Nantucket, mountain-building movements in- 
volving stresses of considerable intensity have been developed. 

As to the operation of these mountain-building actions in the dis- 
trict of Cape Cod, the evidence, though not perfectly clear, leads to the 



1 Report on the geology of Marthaa Vineyard ; Seventh Ann. Kept. U. S. Geol. Survey, 168&-86 (1888), 
p. 310. 
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conclasion that they worked on the ill-disclosed foundatious of that 
peniDsala in much the same manner that they have done in the well- 
exhibited beds of Marthas Vineyard. As will be noted in the sequel^ 
the strata which are known on Gape God inclnde nothing below the 
level of the Nashaquitsa series as described in the report on Marthas 
Vineyard; but the presence of the Tertiary greensands at Marshfield 
causes the presumption that beds of earlier age lie within the peninsula. 

The limited extent of the exposures of the foundation materials of 
Gape Cod makes it desirable to take into account the structure and 
history of the adjacent areas both on the south and on the north. It is, 
indeed, necessary to do this in order to arrive at an understanding as 
to the history of the particular area. This consideration should include 
the origin of the sediments, the nature of the transporting agents 
which brought them to their sites, the erogenic accidents, the develop- 
ment of the drainage, and the oscillations of the sea level which have 
taken place on this portion of the shore. 

The sediments of the Cretaceous and Tertiary rocks in the district 
between Washington and Boston exhibit certain peculiarities which 
are not found elsewhere in the eastern United States. The section is in 
part made up of colored clays and sands, which, except for the admix- 
ture of peaty matter in the lignite beds, are evidently derived from the 
rapid deposition of land waste washed from an area which had been long 
subjected to interstitial decay, which was followed by rapid erosion. 
In the lower portion of the beds the conditions are not so abnormal, 
the clays and sands in general resembling those of the Southern States. 
They appear to have been deposited from the discharge into the sea 
of ordinary rivers. The structure of the lignites, which, so far as 
observed, contain much clay, indicates that they were formed in an 
estuarine district, subjected to frequent floodings of muddy water and 
to slight subsidences, which permitted the peaty accumulations to be 
buried beneath silt. 

In passing to the higher marine strata, we find at once that we are 
m very different clastic conditions. The beds in the Marthas Vineyard 
district consist of alternating clays and sands, which have evidently 
been deposited in a rapid manner. The clays show scarcely a trace of 
lamination, and the sands are exceedingly coarse, often being made up 
of bits of decayed granite, the crystals running together in one mass. 
Much of the deposit is composed of detached, not rounded, crystals of 
feldspar, which are so far softened by decay that they can be crushed 
in the fingers. It is, in a word, a true arkose, lacking only the usual 
consolidation of that material, and so destitute of admixture of such 
substances as are inevitably brought into detrital beds where the trans- 
portation which bore the waste to its resting place was by rivers or 
shore currents, that a careful study of sections many square yards in 
area has failed to show a trace of any other material than the broken- 
up crystalline rock from which it was derived. 
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After passin;^ up throagh a sectiou having a total thickness of sev- 
eral handred feet in which the above-noted alternations are exhibited, 
we come suddenly to a level where beds of conglomerate, composed of 
ordinary comx>ound hypogeue rocks, occur in pebbles of moderate size 
not differing much in character from those formed during the last 
Glacial period, except that they are more decayed and somewhat more 
waterworn. Yet higher in the section we attain to the Nashaquitsa 
series^ which are also somewhat dislocated. These are beds of sands 
and clays, in general character like those formed during the last Glacial 
period, though on account of their greater age they have been much 
more changed in texture than those of that epoch. The interpretation 
of this section is difficult. The most probable explanation is that which 
will now be set forth. 

In the first place, we may note the fact that the shore line of the old 
crystalline district of the Appalachians appears always to have lain 
near this seat of dex>osition. The arkose in the Tertiary shows this 
to have been the case in that period. It was so again at the time of 
the higher conglomerate, and the character of the clays and arkose 
beds shows that they were not offshore deposits. The structure of these 
beds suggests that they were laid down in a swiftly accumulated delta 
at the mouth of a river, which might well have been a continuation of 
the Connecticut. 

The lower Cretaceous deposits, being in nature such as would be dis- 
charged from streams draining a land subjected to ordinary conditions 
of erosion, demand no special explanation. As before noted, it is quite 
evident that the rocks beneath the land from which they came had been 
deeply decayed in a long period of stable conditions, such as has pre- 
vailed in the southern Appalachians. Suddenly this zone of decay was 
to a great extent swept away into the neighboring sea, the process con- 
tinuing until, as the conglomerates which cap the Tertiary section show, 
the firm-set undecayed rocks were, in certain x)laces at least, exposed to 
the eroding agents. 

The supposition that there was in the Mesozoic period a deep zone of 
decayed rock in New England which might have afforded, if subjected 
to rapid erosion, detritus such as is contained in the clays and arkoses 
of the Tertiary rocks of southeastern Massachusetts, finds some sup- 
port in the occurrence at many points in that area, particularly in the 
southern half thereof, of rocks decayed in place under conditions which 
clearly show that the disintegration has not been brought about since 
the last Glacial period. Socks in this state, exhibiting decay to the 
depth of some score of feet, occur at various points in and about the 
Boston Basin, and in a number of places in the Berkshire Hills and 
elsewhere. A notable instance of this decay of the strata in place was 
found in the excavation of the Hoosac Tunnel, where, for a length of 
several hundred feet, near the western portal, the mica-schist was found 
completely softened at a depth of 400 feet below the surface. Owing 
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to the deep covering of glacial drift which hides so mach of the surface 
of New England, as well as to the fact that the ice of the last ice period 
removed all projecting rocks of this nature, it is only chance excava- 
tions, such as are rarely made, that give one an opportunity to see 
these remnants of a decay which was once widespread. From a care- 
ful examination of the evidence, I am of the opinion that at least one- 
thirtieth part of the crystalline rocks of Massachusetts, Connecticut, 
and Ehode Island would, if bared, exhibit decay of the type so well 
known in the plateau district of the southern Appalachians. 

The cause of the sudden removal of this material from its old to its 
new bed place is not easily determined ; the following suggestions seem, 
however, worth consideration. It is doubtful that the result was 
brought about by the invasion of the sea during a period of subsidence; 
the singularly unmixed character of the deposits, the entire absence of 
marine organic waste, which is likely to be found in beds of this nature, 
and the perfect assortment into thick layers of like sediments are also 
against this view. Moreover, the cutting rate of coastal erosion agents 
is normally slow, while these beds indicate very rapid work of this kind. 
So, too, the hypothesis of exaggerated land erosion due either to a 
gi'eat increase in rainfall or to a steepening of valleys brought about 
by a change in the attitude of the land, seems inadmissible for the rea- 
son that the detritus from any ordinarily conditioned area would have 
been stained by the organic waste that all such streams normally bear 
to the sea. It is diflficult to conceive a large river carrying and deposit- 
ing in succession red and white clays and arkoses without a trace of 
vegetable detritus. 

The difficulty which is encountered in the effort to explain the erosion 
of the detritus of the Gay Head beds by marine action is well illus- 
trated by what is now taking place on the rapidly wasting cliffs of that 
part of Marthas Vineyard. The materials of the section are to a cer- 
tain extent rearranged along the shallow-water belt of the shore, but 
the various forms of detritus are intermingled, and are mixed with 
organic matter to such an extent as to make the intervention of the 
sea unmistakably manifest. 

It may be suggested that the beds in question have in some way 
been bleached or colored since they were deposited. This view can 
not, as is at once seen, be maintained In the case of the clays, for the 
lignite beds of the Cretaceous which are mingled with them carry the 
carbonaceous stain with no trace of bleaching. I have been unable 
to conceive any chemical action occurring in either the clays or the 
arkoses which might possibly account for the disappearance of original 
organic waste. 

In this state of the problem I have been forced to bring in the 
hypothesis that the erosion work which removed the materials of these 
strata from their parent rocks was effected by glaciation, the ice not 
attaining to the place of deposition, but delivering the detritus to 



510 GEOLOGY OF THE CAPE COD DISTRICT. 

streams, one or more of which debouched near this part of the coast 
into the sea, or perhaps at times into a lake. Glacial action accounts 
for all the facts which we have noted concerning the character of these 
deposits in a way that no other operation could well do; in fact, with- 
out using this hypothesis we are left quite without an explanation of a 
very interesting series of phenomena. 

In favor of the hypothesis that glacial erosion delivered the detritus 
of the Cretaceous section to the currents which bore it to its present 
resting place, we may note the fact that occasionally, though rarely, in 
the clays of the Gay Head cliffs we find large, subangular masses of 
a yellowish-red sandstone embedded in the strata. One of these, visi- 
ble for some years, has recently fallen and broken to fragments. It 
was originally not less than 20 cubic feet in volume. In the course of 
the thirty-six years that this slowly retreating cliff has been under my 
observation, five or six of these interesting fragments have been noted 
which were certainly not to be classed with the ordinary glacial bowl- 
ders that often work down the slopes so as to appear as if they were 
embedded in the strata. It will be observed that these apparently 
ice-rafted rocks are of sandstone, a material which sometimes resists 
the process of decay where all ordinary hypogene rocks yield to it. It 
is just such a petrographical species as we should expect to find afford- 
ing the rare bowlder which would be formed where glaciation took 
effect on an area indicated by much decayed crystalline rocks. Thus 
in the Connecticut Valley, whence these floated masses possibly came, 
borne by ice rafts, the sandstones have suffered but little interstitial 
d<3cay, while the older rocks of the neighboring Berkshire Hills have, 
as noted, been in places much disintegrated. 

The orogenic history of the Cretaceous and Tertiary strata of the 
New England islands is even more puzzling than are the conditions of 
their formation. So far, no evidence has been adduced to show the 
action of mountain -building forces in any of the beds of this age in 
the region south of New York. To find on this portion of the coast 
much evidence of dislocation of a high order is surprising; it justifies, 
indeed, the effort of those geologists who have endeavored to account 
for these movements by the thrusting of the ice sheet. We have seen 
that this explanation is for several reasons Inadmissible, and the ques- 
tion arises as to the origin of the compressive strains which have 
acted in this area. To determine this, so far as it is at present deter- 
minable, we should begin by noting the following facts: 

The amount of the shortening of the beds as shown on Marthas Vine- 
yard, where a cross section having a length of about 5 miles is exposed, 
is probably nearly 2 miles. This is shown by the fact that the average 
dip of the beds, as determined by many observations, is about 45 
degrees. There is good reason to believe that the area involved in 
these disturbances is much greater than the exposures on the island 
seem to indicate. In my opinion the beds may reasonably be supposed 
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to have at least twice the extension across the strike that is known to 
exist, and it is not improbable that the area involved may l4ave a width 
of 30 miles. The dislocations on Nantncket, thongh not well known, 
and those noted by Mr, Woodworth on Block Island, and also those 
on Gape Cod, hereafter to be described, seem in a way to validate this 
conjecture. 

We have next to note that while the strikes of the folds on Marthas 
Vineyard are somewhat irregular, their commonest direction is from 
north-northwest to south- southeast, or nearly at right angles to those 
of the Appalachian folds of the neighboring mainland. This feature at 
first raised a doubt as to the orogenic nature of these foldings, for the 
reason that it seemed unlikely that such a departure from the normal 
strike of the district would take place if the movements were in char- 
acter like those ordinarily involved in mountain building. But a com- 
parison of the facts with those observed in other areas makes it clear 
that this discrepancy is not of great significance. In the Cordilleras 
and elsewhere it is not uncommon to find that the later movements in 
any mountain system show the effect of stresses acting at high angles, 
or even normal, to those which were originally effective. It seems, 
indeed, that the compressive strains of any district tend in the course 
of time to satisfy themselves through folds running in more than one 
direction ; that when the strains in a certain axis are relieved there is 
often a tendency to form others in contrasted directions rather than to 
develop those which were first made. Therefore, the peculiar position 
of the axes of Tertiary disruption in this area can not be urged as a 
weighty argument against their true orogenic character. 

It is to be observed that the dislocations of the Marthas Vineyard 
and Gape God sections differ In a notable way from those which occur 
in the older rocks of the Appalachian district. The folds are small, 
none of them, so far as clearly observed, exceeding a few hundred feet in 
horizontal amplitude; they are much compressed, and frequently over- 
turned; they are cut by numerous faults, none of which appear to have 
a throw of more than 100 feet. In some places these accidents of stress- 
ing are so numerous and have so intermingled their effects that the result 
is a confused jumble of entangled beds which can not well be unraveled. 
At first sight these peculiarities of movements of the Marthas Vineyard 
section suggest to anyone familiar with ordinary mountain-building 
work that the strains which have effected them were of a different order 
from those which uplifted the AUeghenies and other normally folded 
mountains. It is, however, to be noted that the stresses which acted 
on these newer rocks took effect under very different conditions from 
those under which the old strata of the Appalachians were dislocated. 
There the beds were rigid and deeply buried; here they were soft and 
had little overburden to oppose their movements when the stress was 
applied to them. 

As yet we have little information concerning the nature of the work 
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done by orogenic actiou in the Buperficial portions of a section on which 
it has taken effect, bat all the considerations derived from laboratory 
experiments, as well as from the principles of dynamic action, lead us to 
believe that near the surface of a stressed area the folds are more likely 
to be small and of varied form than in the deeper-lying parts of it, and 
that in soft strata without beds of such rigidity as to control the move- 
ments slight local accidents are likely to determine the formation of 
many small folds rather than a few of large size. 

It is worth while here to note that these Vineyard dislocations, in 
case they are accepted as of truly orogenic nature, may well be taken 
as examples of what is likely to be the type of mountain folding as 
exhibited in weak beds which, at the time of disturbance, lie within 
a few hundred feet of the surface. So far as I am aware, there is no 
better place known in which to study this interesting phase of mountain 
building. 

Assuming, then, that the rocks of the sections exhibited on Marthas 
Vineyard owe their very great dislocation to forces which had their 
origin in the under earth, I shall consider certain possibilities as to the 
exact source of these strains. It may be suggested that a slipping 
movement has occurred in these beds, due to the formation of a great 
inclined fault extending parallel to the shore and dipping toward the 
sea at a high angle, the resulting movement being in effect a landslide. 
This view is inadmissible for the reasons that there is no trace of such 
a slip faulty that the section moved is of a rank in size of which we 
have no knowledge elsewtiere; that the transverse shortening of the 
beds is too great to be accounted for in this manner, and that the direc- 
tion of the axes of the folds is at about right angles to such as would 
be formed in such a movement. 

It may be worth while to set forth another hypothesis which I have 
been led to apply to these movements in order to arrive at an explana- 
tion of them without recourse to true mountain-building action. This is 
as follows : A large part of the materials in the Marthas Vineyard section 
is feldspar, which had apparently been imperfectly kaolinized before it 
was brought to its present site. Is it not possible that the considerable 
increase of bulk attendant on this conversion of feldspathic matter into 
kaolin may have led to internal pressures! It appears, however, that 
of the mass not over 15 per cent can be reckoned as feldspathic, while 
even if the whole of it were of that nature and all the changes had 
come about since the beds were laid down the amount of enlargement 
would be too small to account for the observed disruption of the beds. 

It seems evident that we must account for the folding and other 
movements of the Tertiary and Cretaceous rocks of these New Eng- 
land islands by the ordinary process of mountain building. Questions 
then arise concerning the nature of the dislocations by which the 
compressive strains were applied to these superficial beds. The gen- 
eral slope of the hypogene and Carboniferous rocks on the neighboring 
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mainland makes it eminently probable that these old deposits underlie 
the newer beds at a depth of not more than 1,000 or 2,000 feet below 
the surface of the sea. How, then, were these lower beds affected in 
order that they might transmit the strain to the Mesozoic and Cenozoic 
deposits! and what, if any, were the dislocations on the mainland that 
were produced at the same timef It seems to me that neither of these 
questions is, in the present state of the inquiry, answerable with any 
measure of affirmation, but some suggestions may be made which are 
perhaps not without value. 

As to the movements of the rocks, presumably crystalline, that con- 
stitute the foundation of the Marthas Vineyard section, the conditions 
are substantially the same as those which have existed beneath the 
Carboniferous deposits of the Narragansett Basin. When they came 
to be folded, with a measure of compression quite like that which has 
affected the beds with which we are now concerned, as we may see 
when the folded Carboniferous beds have been stripped away from the 
hyx>ogene rocks, the yielding of the crystallines appears to have been 
made mainly by the interstitial movements of those rocks, and not to 
any great extent by faulting. All the evidence we have goes to show 
that while ordinarily massive crystalline rocks may be folded, as is 
sometimes indicated by the dikes they contain, a frequent method of 
accommodating themselves to pressure is by squeezing. This action 
is, indeed, common enough in all rocks which have been subjected to 
compression strains, as is shown in the distortion of fossUs. The 
absence of any distinct indication of recent faulting on the mainland 
near Marthas Yineyard affords some supx)ort to the supposition that 
the giving wp.y of these basement rocks was rather more by interstitial 
movement than by dislocation. 

It should also be said that the peculiar position of the masses of 
decayed crystalline ro^sks which, as above noted, occur in the three 
more southern States of Few England, long ago led me to the sup- 
position that, after this decay had been effected, a certain amount of 
faulting occurred, which lowered wedges of the disintegrated rock down 
to levels to which the surface actions had not penetrated. Moreover, 
efforts which I have made to account for the details of the topography 
at several points in southern New England have led me, quite inde- 
I>endent of the problems of the Tertiary dislocations, to the idea that 
at a time not long before the last Glacial epoch there was a certain 
amount of disruption by faulting in that part of the mainland. This 
problem of recent faulting on the mainland needs more study than I 
have been able to give to it; the matter is only suggested here to show 
that there may be more extensive evidence of erogenic action on this 
part of the continent than has hitherto been supposed. 

A part of the difficulty connected with the question as to the nature 
of the movements involved in the dislocation of the Marthas Vineyard 
section arises from the fact that the development of these folds and 
18 aEOL, PT 2 33 



514 GEOLOGY OF THE CAPE COD DISTRICT 

faults has apparently taken place in a basin without a border of harder 
rocks on either side through which the compression strains might have 
been carried. It seems likely that the contraction of the basement 
beds, however great, would have failed effectively to compress a thick 
mantle of soft material unless it had been in a basin. The natural 
result, if the beds lay on a sloping floor without a rim, would appear 
to be a mere slipping of the bed rocks upon the softer materials, with- 
out any such folding as we And. There are obviously no marks of a 
basin structure made up of the older rocks in the district where these 
disturbed beds lie. It is i)ossible, however, though there is no evidence 
whatever to support the suggestion, that there may be a rim of such 
older rocks lying below the level of the sea. 

There is, as is generally admitted, good reason to believe that this 
portion of the continent stood, in the period extending from the close 
of the Trias to the beginning of the Cretaceous, at a much higher 
level than it does at present. During that time a broad river basin 
may have been excavated in which the Marthas Vineyard Cretaceous 
and Tertiary were laid down. I have elsewhere called attention to the 
fact that the Carboniferous beds of the Narragansett district and other 
local accumulations along the Atlantic coast appear to have been 
formed in drowned river valleys, and that the beds have since been 
subjected to mountain-building actions, the trends of the resulting 
folds having often departed widely from the trend of the neighboring 
axis of the Appalachian system. I am disposed to thiirk that the 
Tertiary and Cretaceous beds of Marthas Vineyard have had the same 
general history, but the fact must be recognized that the evidence to 
support the conclusion is defective. All that can be said in its favor 
is that it is consistent with the basin-like origin and structure and the 
nature of the folding which characterize the localized mountain-built 
areas of the Atlantic coast. 

We now come to the subject of the erosion phenomena of this dis- 
trict, and here we find ourselves in an interesting but difficult field. 
Beginning with the island of Marthas Vineyard — Capawok, as the 
Indian name has it — a district which gives us t]ie most information 
concerning the structure and history of the field, we find there good 
CTidence that the Tertiary and Cretaceous rocks have been subjected 
to a great amount of erosion since they were dislocated. On the 
western half of that island these beds rise to a height of about 300 
feet above the present level of the sea. As there is an area of about 
30 square miles where the crests of the divides have about the same 
elevation, there is good reason to believe that the existing topography 
was carved from a surface which, by base-leveling, or more likely by 
marine erosion, had been brought to an approximate level before the 
last Glacial period. If I am correct in supposing that there had been 
a tolerably complete base-leveling or benching with reference to a sea 
level above the tops of the present divides, then the development of the 
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present topography began long after the close of the moantain-building 
work. 

The pre-Glacial topography of Marthas Vineyard has been but little 
disturbed either by glacial erosion or by the resulting drift coating. 
We can -see that the course of the principal brooks — rivers, as they 
are locally termed-rhas been determined in general by the strikes of. 
the beds coinciding therewith, while the smaller water courses cut 
across the folds in a normal way. The beds being all of slight hard- 
ness, the topography is smooth, but here we find sharp and continuous 
ridges which owe their relief altogether to difterential erosion. These 
serve to show us how slight has been the wearing effected by the gla- 
ciers of the last ice epoch. The absence of such ridges on the remnants 
of the ancient upland plain also indicates that this plain was due to 
some action which wore it to a tolerably perfect level. 

So well has the pre-Glacial topography of this island been preserved 
through the accidents of glacial invasion, that we can not only trace 
two or three cases of ancient stream robbery, but a close inspection 
makes it evident that all of the brooks of considerable size follow at 
the present time the channels they had before the ice came. In only 
two cases have I found that the morainal or other accumulations have 
changed in an important way the course of the waters. I note these 
points in order to show that the evidence from these streams as to the 
general drainage of the district is of value. 

Taking the distribution of the brooks of Marthas Vineyard, we note 
that they are divisible into two groups — ^those which, turning south, 
faXi into the broad ocean, and those which, descending from the north- 
ern side of the island, enter Vineyard Sound. The first-named group 
of brooks gives us little information except that they enter the sea 
through what appear to be drowned valleys, and are therefore evidence 
that the level of this land has been materially lowered since the exist- 
ing topography was formed. The streams of the northern shore 
exhibit even more distinctly the same feature of drowning at the 
mouths, though this is marked, not by their entrance into lagoons, but 
by the filling of their channels near the sea level by moving sands. 
On this northern shore also we find in the distribution of the brooks 
the suggestion that when the land was at the level at which the river 
topography of the district was develoi)ed they entered a large stream 
occupying the central part of the broad valley now covered by Vine- 
yard Sound. 

The general structure of Vineyard Sound is easily misconceived. It 
has been suggested by Mr. Clarence King that the long range of the 
Elizabeth Islands, which form the northwestern boundary of this 
water body, is essentially morainal. There is undoubtedly a covering 
of morainal drift on the top of these islands, but on examination they 
prove to be composed mainly of beds similar to if not contemporaneous 
with the Nashaquitsa section. They probably contain also some part 
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of the Gay Head Tertiary beds. There are no good exposures, but 
enough is shown to make it clear that the Tertiary x>ortion of that sec- 
tion is above the level of the sea along this line of islands. This condi- 
tion of a sheet of moraine capping a divide is seen also on Marthas 
Vineyard, where the broader valleys are in their lower parts. almost 




Fio.88.— Sketoh map showing the prohable position of the streams of the Cape Cod district dnringthe 

period of elevation pieoeding the last Glacial epoch. 

driftlessy while the crests of the ridges are usually crowned by a layer 
of morainal materials having a depth of from a few feet up to about a 
hundred feet. This feature goes to show that deposits of this nature 
tended to accumulate on the high ground. We shall have occasion to 
examine this matter more closely when we are considering the distribu- 
tion of the moraines in the Gape God peninsula. 



BOALKR.] SUBMERGED VALLEYS. 617 

The fact that the Elizabeth Islands are not essentially morainal 
greatly increases the probability that the valley of Vineyard Sound 
was excavated by river action. The stream which occupied it during 
the period of elevation, when the erosive work was done, appears to have 
had its source on the southern side of Oape God. On the west of the 
Elizabeth divide, in the valley of Buzzards Bay, there was, if this con- 
ception of the history of the district be correct, another river which 
headed in the region about Wareham, taking about half its drainage 
from the district underlain by the ancient rocks of the mainland. In 
both these valleys we find the general features of drowned valleys 
exhibited quite as they are shown in the more southern bays of the 
Atlantic coast. The basins slope to the seaward, but not in a per- 
fectly regular manner, for the reason that they are much encumbered 
by drift accumulations and by the waste that has been rearranged by 
the strong tidal currents which sweep through the bays and sounds of 
this district. They both widen to the seaward, as we should expect 
them to do if they had been excavated by the action of land waters. 

The position of a third stream is perhaps traceable on the Muskeget 
Channel, which separates Marthas Vineyard from Nantucket. This 
headed against Cape Cod and against the upper tributaries of the 
Vineyard Kiver, as we may call the stream which occupied the sound 
of that name. It is likely that to the inosculation of these headwaters 
we owe the formation of the channel which now separates the islands 
last mentioned from the peninsula of Cape Cod. In the sketch, fig. 
86, the conception of the drainage of this district as it was before the 
last great upward movement of the sea is indicated. In such a figure 
it is inevitable that many features which are highly conjectural should 
be shown along with those which are well supported by evidence. In 
this case the doubt which is the most serious attaches to all that relates 
to the channels between the eastern end of Marthas Vineyard and the 
western side of Nantucket and between the last-named island and the 
mainland. As the tidal currents which flow through this water way 
are strong, some part of the erosion may have occurred both before 
and after the last Glacial period, at those stages of elevation and sub- 
sidence when the sea was free to pass througli these channels. There 
is also a question as to the nature of the submarine ridges which so 
abound in these waters. 

As regards the shoals of Vineyard and Nantucket sounds, it may be 
said that some of them, particularly those in the eastern portion of the 
last-named sound, are of moving sands, and, therefore, may have no 
relation to the continental topography. Some of these submerged 
ridges are more reasonably to be considered as preexisting, though 
their shapes may have been modified by tidal currents. Thus the long 
shoal, known as the '^ Middle Ground," which extends along the north 
shore of Marthas Vineyard from near the west chop of Holmes Hole 
halfway or more toward Gay Head is, as we may judge from the sound- 
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ings, a bit of submerged land topography. Although it is now the line 
of a strong division of tidal currents, and is consequently the seat of a 
"rip," this perturbation in the movement of the water appears most 
likely to be the consequence and not the cause of the elevation. So, 
too, in the case of the shoals to the northward and eastward as far as near 
Monomoy, there is nothing in the tidal movements which are competent 
to produce them, though the resistance which they offer to the move- 
ment of the currents has doubtless served to effect changes in their 
forms. If the statements of those fishermen and pilots who know these 
waters well may be trusted, these submerged ridges often contain on 
their surface considerable bowlders, which, if true, indicates that they 
are not in most cases the products of current action, but were formed 
mainly by subaerial agents of erosion. 

It is to be noted that the channels south of Cape God to the west of 
Monomoy Point have in general a definite topography, characterized 
by steep slopes from the neighboring shores. This form of bottom 
seems to me inconsistent with the supposition that any great amount 
of sand is in the possession of the currents along these depressions. It 
is also noticeable that there is little trace of shifting sands along the 
shores on either side of Vineyard Sound. Furthermore, it is to be 
remarked that these valleys, as is shown by the protraction seaward of 
their very definite land slopes, have not been cut back on the average 
more than from 500 to 1,000 feet since the* shore came to occupy its present 
level. All these considerations lead me to believe that the floor of these 
basins is not occupied to any great extent by drifting sands. For the 
reasons given above, the shoals to the east of Monomoy have been in 
general regarded as evidence of minor divides formed in the great sub- 
merged valleys. 

The oscillations of sea level in this region have been more than once 
referred to in the preceding pages of this report. We have now to 
review the evidence, with a view to formulating it in a definite manner. 
It should be noted that there is in this district little, if anything, in the 
way of ancient beaches to afford data as to the altitude of the land in 
the periods which are under consideration. 

On the mainland to the northwest of this region there are evidences 
of a base-level of river erosion or of marine planation, which Professor 
Davis and others regard as of Cretaceous age. The portion of this level 
at about 400 feet above the present shore line possibly corresponds 
with the present summit of the Cretaceous deposits of this island nearly 
enough to warrant the supposition that the sea stood at a height of 
some 400 to 600 feet above its present position when the lower Cretaceous 
of Marthas Vineyard was laid down. It should, however, be noted 
that those beds, owing to their dislocation by mountain-building action, 
may have been moved either above or below the general plane on which 
they were deposited. 

It is evident that the lignitic portion of the Cretaceous beds was 
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laid down rather above than below the sea level, while the deposits 
containing marine fossils were formed below the plane of the sea. There 
is thus evidence of shore swaying in this portion of the section. As yet 
it has not been clearly determined which of these two elements of the 
Gretaceoas lies the higher. The facts show, however, that in this part 
of the formation the shore was near its present level, and that it was 
instable. 

Between the lower Cretaceous and the middle Tertiary there is a 
great blank, which includes the uppermost Cretaceous and the Eocene. 
As yet, the much-disturbed condition of all the beds showing the con- 
tacts of those horizons makes it impossible to say what measure of 
unconformity existed between them when they were laid down. It 
seems probable, however, that no mountain-building action had taken 
place in the district during this interval. 

It is not yet perfectly certain that the middle Tertiary strata of this 
district were deposited in ^alt water. The marine fossils contained in 
the beds arc found under conditions that admit of the supposition that 
they were not living when the strata were formed, but were swept in 
from previously existing, deposits. I am forced to regard the determi- 
nation of the age of this section as in some measure uncertain, but it is 
clear that it is newer than the Eocene and older than the Pleistocene. 
The general nature of the beds is most consistent with the supposition 
that they were formed in an estuary. Assuming that they were made at 
or about sea level, we should have to conclude that there had been no 
great change in the position of the shore line between the lower Creta- 
ceous and the Miocene periods, or^ what is more likely, that there had 
been a return of the seashore to about its same altitude in relation to the 
land after whatever oscillations it had undergone in this long interval. 

In the Pliocene, as is shown bythe fossils contained in the small 
locality, now destroyed, at the top of the Gay Head cliff, it is evident 
that, for a time at least, a shallow sea lay over the surface of the Ter- 
tiary beds, which were still in their horizontal position, for these Plio- 
cene beds were evidently involved in the mountain building movements. 
It can not be inferred that the altitude of these fossil-bearing Pliocene 
beds above the sea (about 100 feet) is evidence of a general upward 
movement of the shore, for the reason that the change of level may have 
been due to the folding of the strata. 

The deposits of the Nashaquitsa series apparently indicate the exist- 
ence of the shore line at least 100 feet below its present altitude. These 
beds may be regarded as closing the Pliocene record, and as formed, in 
part at least, before the orogenic movements took place. 

After the series of constructive processes above note<l had been 
accomplished, the beds of this district appear to have been established 
at a level some 200 or 300 feet lower in relation to the sea level than 
their present position. During the time in which they occupied this 
inferior level the upper base-level or bench of Marthas Vineyard prob- 
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ably was formed. It may, in passing, be remarked that the general 
topography of the bottom of the sea, from the southern end of Kan- 
tacket Shoals to Nova Scotia, is in favor of the supposition that we 
have in this district a surface that preserves in a general way the 
contours impressed upon it by snbaerial erosion. 

The down-sinking of this region some time during the Glacial period 
probably brought about the drowning of the great valleys. It evi- 
dently resulted in a lowering of the land at least 100 feet below its 
present altitude, as is shown by the fact that the morainal aprons or 
sand plains which are so conspicuous a feature in Marthas Yineyard, 
Kantucket, and Gape God attain about that altitude. These aprons 
are, as elsewhere noted, composed of sand and gravel, with occasional 
bowlders of considerable size, which evidently attained their present 
sites by ice rafting. They have, however, a characteristic submarine 
tox)ography, such as could i^ot well have been made by any form of sub- 
aerial action. The '^ scour ways" noted in the report on Marthas Vine- 
yard^ as existing on these aprons are of themselves sufficient to 
establish the presence of the sea over these plains. 

As yet there is no evidence concerning the upper limit of this submer- 
gence, which occurred in and possibly before Glacial time. After a 
careful search throughout southeastern Kew England, the shore line of 
the sea in the time when the morainal aprons were formed has not been 
found. Here and there, at the height of about 200 feet, there are what 
may be faint traces of a cos^stal shelf, but they are too indefinite to 
afford any clear evidence of such a line. The distribution of the drift 
in the southern part of Marthas Vineyard, in the towns of North Tis- 
bury and Ghilmark, is such as to suggest that the glacier did not, save 
in certain small tongue-like projections, extend south of Tisbury Eiver, 
and that the drift south of that stream was all rafted to its present 
site. If this view be confirmed by closer study of the deposits, it will 
affirm the hypothesis that the whole of the island was under water, for 
the materials which appear to have been thus transported are found 
on the very highest land, at an elevation of 300 feet above the sea. 

I have elsewhere^ endeavored to show that on the southern face of 
the hills of Mount Desert, Maine, we have good evidence of a depres- 
sion at the close of the Glacial epoch amounting to at least 1,100 feet, 
and possibly extending up to the highest summits, or 1,527 feet. It 
seems likely that a depression of even the lower of those levels on the 
coast of Maine would have involved a submergence in the region of 
Gape God sufficient to have covered the highest lands in that vicinity. 
It thus appears probable that the Glacial submergence of this district 
carried the whole of its area below the level of the sea. 

The emergence of the Gape God district from the Glacial depression 
must have been very rapid, for the surface appears substantially as it 

1 See Seventh Ann. Kept U. S. Geol. Survey, 1885-86, p. 316. 
*See Eighth Ann. Bept. U. S. G«ol. Survey, 1886-87, p. 1009 et seq. 
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was left by the ice. The delicately molded topography of the drift 
has not been efGoced by wave action, nor, as before remarked, are there 
any traces of ancient beaches. At first sight this absence of any effect 
of the waves on the surface seemed to me clear evidence that the area 
could not have been under water since the disappearance of the glacier. 
In order to determine this point, I visited the region below the elevated 
beaches in central New York, and found there the same unafifected 
conditions of surface which exist in southeastern Massachusetts. The 
conditions of submergence and emergence must have been approxi- 
mately the same in both areas. It appears, therefore, that we have to 
accept the conclusion that the uprising of the land after the Glacial 
period was so sudden that the waves and shore currents did not have 
time to do effective work. It is possible, however, that the waters 
were at this time so far obstructed by floating ice that no great amount 
of wave action took place during a considerable length of time in which 
the elevation was going on. The last change of level of the Cape God 
district evidently brought the land somewhat above the plane at which 
it at present stands. This is shown by the occurrence at various points 
of submerged forests, as in Nantucket,^ and in the marshes bordering 
the harbor of Holmes Hole, Marthas Vineyard. The amount of this 
recent downward motion is not known, but it may have been suf&cient 
to obliterate the land connection which united the islands of Marthas 
Vineyard and Nantucket with the mainland. The reason for supposing 
a connection between these islands and the mainland is found in the 
substantial identity of their faunas and floras with those which exist 
on the neighboring continent. Gonsidering the width and current- 
swept nature of the sounds which separate those islands from the 
mainland, it appears unreasonable to suppose that all these species of 
animals and plants could have found their way to the outlying stations 
in the short time which has elapsed since the Glacial period. The con- 
ditions of passage are almost as difQcult as they are at the straits* 
between the islands of Bali and Lombok, which separate the biological 
provinces of Australia and southern Asia. As there has been a sub- 
sidence since the forests regained possession of these islands, it is 
reasonable to suppose that the previous elevation was great enough to 
bring about a connection with the mainland. 

It is to be noted that the changes in the relative elevation of sea and 
laud have all been spoken of as if they were due to changes in the alti- 
tude of the land. It should be observed that this assumption is incor- 
rect. There are at least two main and efficient causes of alteration in the 
position of the sea in relation to the land, as well as many others of minor 
importance which probably have some value. One of these, local in its 
nature, is the swaying of the land against which the sea lies; the other 
is change in the form of the sea bottom aflecting the height of the 
open waters along all the shore. It is rarely possible to differentiate 
these causes. In the case of the Iroquois beaches in central New 



1 See Ball. U. B. Geol. Survey Ko. 53, p. 28. 
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York, the fact that they rise to 'the north sapplies a criterion, the like 

of which may be fonnd in other places, which indi- 
cates that the post-Qlacial elevation was due to a 
land movement. Again, as I have elsewhere 
endeavored to show,^ the very general drowning 
of the lower valleys of the rivers of all the conti- 
nents affords evidence that there has been, in very 
modern times, a general rise of the sea level to the 
amount of 100 feet or more. It is to this general 
inuudution that we may perhaps attribute the de- 
struction of the land bridge which for a long time 
after the close of the Glacial period united the New 
England islands with the mainland. 

There is some evidence as to the duration of this 
land bridge to be derived from the possible rate of 
marching of the oaks and other heavy-seeded trees 
northward from their southern refuge during the 
last ice time. These trees, in the process of repos- 
sessing an abandoned field, do not, according to 
my observations, advance at an average rate of more 
than 5 feet a year. To assume a rate of 10 feet a 
year would be to allow the utmost that could be 
8upi)Ose<l. This would requii e about 500 years for 
a mile of journey, or about 2,000 years for the pas- 
sage across a land bridge from the mainland to the 
island of Marthas Vineyard. I have elsewhere 
urged this slow rate of northward march of the 
heavy-seeded trees as an argument against the 
hypothesis that the close of the glacial advance, 
when the ice lay at the southernmost point it had 
attained, was not more than from 10,000 to 2(»,000 
years ago. If the argument be valid, the return 
of the oaks to southern New England, after their 
expulsion to regions farther south, must have 
required somewhere near 200,000 years. 

It is possible that some of the topographic features 
of the submerged channels of this area are due to 
the erosion which took place during the elevation 
that followed the Glacial period. The cutting 
away of the divide between what we have supposed 
to be the drainage basins of the Tineyard and the 
Muskeget rivers may have been in part effected 
by the energy of the tidal curren ts, which, in case the 
passage were diminished in sectional area, Avould 
act with something of the strength they now have 
in passing from Vineyard Sound to Buzzards Bay 
through the shallow passage known as Woods Hole. 
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1 See Bull. Geol. Soc. Am., 1895, p. 153 et seq. 
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We have next to consider the erosion performed in this district by 
the ice of the Glacial epoch. It is now well known that the original 
conceptions as to the amount of this wearing on the general surface of 
the country were very much exaggerated. There are few students of 
the phenomena in the iield who would be disposed to believe that the 
average of this erosion in New England amounted to as much as 100 
feet. I doubt whether it was as much as 50 feet. It has commonly 
been supposed, however, that in incoherent materials the action was 
more effective than in firm set, highly changed rocks. So far as we 
can judge from the conditions seen on Marthas Vineyard, where the 
contact of the drift with the underlying sands and clays is well revealed 
by the cliff sections and the clay pits, the glacier did little more than 
smooth over the soft materials without effacing their original outlines. 
In no case is any considerable amoun€of the characteristically colored 
clays and sands mingled with the till covering. It is usually impos- 
sible to find a trace of them at a height of 2 feet above bed rock. 
When we consider that this occurs at points where the ice has jour- 
neyed for a mile or more over the soft beds the absence of all marks of 
erosion is seen to be very remarkable. 

I have already noted the fact that the glacier failed to destroy even 
the minor features of the topography of this field. It is difficult to 
exaggerate the extent to which the pre-Glacial topography survives in 
the Vineyard area. The facts must indeed be seen, and this carefully, 
to be appreciated. There is one way, however, in which the glacial 
conditions effected a considerable amount of local erosion in this dis- 
trict. This was by the action of the subglacial streams which flowed 
upon the surface of the bed rocks. All along the northern face of 
Marthas Vineyard we may trace these subglacial river ways, which 
extend from the shore in winding, sometimes beautifully curved, chan- 
nels cut down into the soft rocks to where they discharged beyond the 
front of the ice. Sometimes these channels are coincident with earlief- 
formed valleys. Again they are carved where it is evident that open- 
air streams have never flowed. The largest, and in some ways the 
best, example of these interesting and elsewhere unnoted features is 
seen at Ghappaquonset or Tashmu Pond and in the valley which con- 
tinues the depression to the southward. As elsewhere noted, these 
grooves, extending from the shores of Vineyard Sound upward, termi- 
nate on the south in the morainal apron, or, rather, are continued over 
that apron in other shallower and wider troughs cut in the sands which 
extend downward to the ocean shore. In some cases the bottoms 
of the grooves which were under the ice have been worn down to the 
depth of 00 feet or more into the soft l>ed rocks. 

It is likely that the low places in the Elizabeth Islands divide, as at 
Woods Hole, Quicks Hole, and Robinsons Hole, as well as certain 
others which do not go below the level of the sea, are due to a like 
action of subglacial streams when they crossed the ridge lying between 
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the sonnd and the bay. Similar valleys will be noted in the detailed 
account of the structare and topography of Gape Cod. 

We have last to consider the extent of the post-Glacial marine ero- 
sion which has occurred in this district. This has been and is still 
great; at present it is some hundredfold greater than that done by 
land waters, but the distribution has been in certain regards peculiar. 
As before noted, the mairine benching of this district which occurred 
after the deposition of the Pliocene strata was apparently pushed to 
the point where the whole area of the Cretaceous and Tertiary rocks 
was brought to a level. This may possibly have been due to base-lev- 
eling by stream action, but whoever will observe the practical absence 
of such work on the strong topography of Marthas Vineyard, where 
the brooks are never colored by the soil waste and where there is not a 
single stream scar, will hesitate to hypothesize this slow process of 
lowering to a common level such rocks as here occur. There are on 
Marthas Vineyard pretty clear evidences of the existence of a second 
level of marine benching at the height of about 150 feet above the sea. 
This bench is recognizable around nearly the whole of the western 
elevated section of the island, and as there is no structural basis for it 
it must be regarded as of marine origin. Its original width can not now 
be determined with accuracy, for it is much diminished by marine ero- 
sion, but on the average it can not well have been less than one-third of 
a mile, and may have been more than twice as great as that amount-. 
Thus the pre-Glacial erosion due to the sea apparently includes two 
large operations, the formation of the original level surface of the island 
and the cutting of the lower bench, which was a much less extensive 
work. As to the benching which may have been done in the sections 
below the water level, the evidence, though in a way interesting, is too 
perplexing to warrant discussion. 

The post-Glacial marine erosion of this district has been extensive 
and is now in process of very rapid development; no other portion of 
the coast of Korth America is undergoing such a complicated and rapid 
readjustment. When the problems which are there presented concern- 
ing the action of the sea on the shore and the arrangement of the 
detritus derived from the process of erosion are worked out, this area 
will become the classic ground for students of coastal action. For our 
purpose it will be well to divide the question into two heads, the first 
relating to the amount of erosion already done, the second concerning 
the manner in which the work is effected. 

In this, as in most other shore lands, the only x>ossibie way of deter- 
mining the extent to which the sea has gained on the land is to take 
the slopes which extend downward to the sea and ascertain where, if 
protracted, they would cut the Water level. This method is particu- 
larly applicable on shores such as those of southeastern New Eng- 
land, where there is a gentle slope toward the sea. On this basis, 
using for data* observations made at some scores of points, I have come 
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to tlie conclasion that if the land had been stable since the last ice time 
the average retreat of the shores might safely be estimated at rather 
more than about one-half a fnile. XJnfortanately for the sufficiency of this 
method, it is certain that there l^as been a subsidence, which may be, 
and most likely is, now going on, so that the resulting work of the sea 
is not the formation of a horizontal shelf but of a sloping scarf, much 
of which is submerged. Thus we can only say that, the rate of the 
down-sinking being unknown, we are deprived of any means of accu- 
rately fixing the extent of the incutting since Glacial time, and are 
driven to the ruder method of noting the amount of recession of par- 
ticular cliffs. 

Turning to the. evidence afforded by the clilfs, the best obtained is 
that due to the surveys of the late Prof. H. L. Whiting, long the senior 
assistant of the United States Goast and Geodetic Survey, who fixed the 
rate of erosion of the Nashaquitsa cliffs by very careful observation 
for a period of fifty years at 3 feet per annum.^ The evidence is clear 
that this is the rate for nearly if not quite the whole southern shore of 
Marthas Vineyard. At Gay Head there are only approximate data, 
which serve to show that most likely the retreat does not amount to as 
much as a foot "per annum. Along the north shore of Marthas Vine- 
yard the process of erosion is very slow, save at a few salient points 
west of the steamboat landing. At West Ohop the rate does not aver- 
age a foot in five years, but at the east and west chops of Holmes 
Hole the cliffs have for some years been retreating at an average rate 
of at least 2 feet per annum. This wearing is x^robably in some way 
connected with slight alterations of the shoals which direct the tidal 
currents against the shore. On the Cottage City or eastern face of the 
island the rate of wasting is also great. The recession of the shore 
has amounted to at least 30 feet in fifteen years, and this despite some 
slight efforts made to resist the action of the waves. The region near 
Edgartown is amply protected on its east side by the extensive system 
of hooks about Cape Pogue. As a whole the shores of Marthas Vine- 
yard in process of erosion, excluding the island of Chappaquiddick 
and the Cape Pogue hooks, are probably entering the land at an aver- 
age rate of about a foot a year. The mean height of the sea-cliff' face 
may safely be taken at 30 feet, and the total face subjected to erosion at 
35 miles. This would make the quantity of material removed amount 
to a total of about 1,000,000 cubic feet per annum. 

On the island of I^antucket, owing to the extent of the sand-barrier 
beaches, the proportion of the total shore line which is exx>osed to 
active erosion is less than that of Marthas Vineyard, but the wearing 
action of the sea is much more eff(ective,for the reason that clays rarely 
appear in the escarpments, which are mostly of stratified drift, such as is 
found in the morainal aprons. The southern shore of the island and a 
X>ortion of its northeastern face are apparently retreating at the rate of 

1 Geology of Marthas Vineyard : Seventh Ann. Bept. TT. S. Geol. Survey, 1888, p. 361. 
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more than 4 feet per annam. Yet, for the reason above given, it seems 
likely that the average encroachment of the sea is mnch less rapid than 
it is in the island of Marthas Vineyard. 

The Elizabeth Islands are wasting, for the greater part of their 
length, bat the process is now being arrested by a simple action which 
has brought protection to much of the shore lands of soatheastem 
Massachusetts. The mass of these islands is, as before noted, of inco- 
herent sand, but the surface is generally occupied by a layer of coarse 
till or moraine, having a depth of a few feet. As this pebbly and 
bowldery matter falls to the shore it forms a stony beach. This plat- 
ing over the soft underlying beds is sufficient to, prevent the shore 
currents from wearing them away. The result is that a platform is 
made on which the waves break before attaining the shore, and often 
a barrier beach is formed which to a great extent keeps even the swash 
from attaining the cliffs. When the adjustment has gone thus far, the 
shores erode only so fast as is necessary to supply the place of the 
pebbles which are worn out or the larger waste brought about by 
the action of the shore ice in rafting away the stones, as it does in a 
very effective way. An excellent example of the value of these condi- 
tions in hindering mariue erosion is shown at Gay Head, where, despite 
the ease with which the strata slip downward into the sea, the vigor of 
the assault of the waves, and the complete and rapid removal of the 
sands, the retreat of the escarpment is slower than that of many other 
less exposed shores on this part of the Atlantic coast line. The bowl- 
dery drift, though not large in amount, is enough to have formed a shelf 
extending irregularly out from the face of the cliffs to the distance of 
nearly a mile. On this the heavier seas break, so that when running 
from their prevailing direction only the secondary waves attain the 
shore, with s6 little effect that the retreat of the face is at the present 
time less than a foot per annum and appears to be rapidly diminishing 
in its rate. On the other hand, the Nashaquitsa cliffs, which in their 
retreat contribute but little bowldery material to the sea, are, as above 
noted, retreating at the rate of 3 feet a year, the sea having no difficulty 
in deepening the bottom as it works in, so that its waves are able to 
assault the base of the cliffs. 

On the peninsula of Gape God we find evidence of marine erosion 
essentially like that on the islands which lie to the southward. The 
details of this action will be noted in the section of this report which 
is devoted to the topography of that area, but the general features 
may well be considered here. The most interesting point is that pro- 
bably all of the invasion of the sea occurs on the southern and eastern 
(or outer) part of the peninsula, there being little trace of it on the 
northern (or inner) shore. This is in part for the reason that the seas 
strike in times of heavy storm with greater effect in this portion of the 
coast, but in larger measure it is owing to the fact that strong tidal and 
shore currents sweep by this part of the coast, which carry away the 
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debris delivered to the sea by many of the cliffs, so that it does not 
encumber and protect the shores. 

On the northern shore of Cape Cod the surface has, as will hereafter 
be noted, a long riding slope of the glacier, composed usually of clay, 
which descends gradually to the sea level. This slope extends from the 
western border of the town of Barnstable to Yarmouth and is partly 
indicated as far as the town of Brewster. Where this gentle declivity 
passes beneath the sea, or where it attains the fit depth of water, a beach 
is formed which incloses the great marine marshes that are so prominent 
a feature of this part of the coast. This beach is slowly working inland, 
but the amount of sand which accumulates in the bay it faces is so 
great that the excavation of the bot^m necessary to the inward march 
of the beach hinders the movement. 

On the north shore of Cape Cod the distribution of the products of 
coastal erosion indicates the weak action of marine currents. On the 
south side, in the waters between Hedge Fence Shoal and the open sea 
to the eastward, the distribution of the shoals and spits shows a consid- 
erable amount of movable debris in the x>ossession of the sea and its 
conveyance by strong currents. In the field about Monomoy the strug- 
gle between the accumulating sands and the currents is so active that 
there is evident danger of the passage to the seaward between Nan- 
tucket and the cape being closed before many decades have elapsed. 
If in any time of great storm this channel should become so shallowed 
that the waves would break across it, the result would be the imme- 
diate construction of a barrier beach. If this construction failed to 
attain to or near the surface, it would doubtless be swept away by the 
tidal currents. If, however, it made an effective barrier to their flow 
the island of Nantucket would be again joined to the mainland. An 
accident of this nature is possible; it is likely, indeed, to be the next 
great change in the conditions of this part of the Atlantic coast. 

As before remarked, the unstable sands of the bays on the eastern 
side of Cape Cod appear to be mainly limited to the eastern portion of 
these waters. In Vineyard Sound the evidence from the shores and 
soundings indicates that the amount of sand at the disposition of the 
currents and waves is not large. The shores are generally pebbly and 
the soundings are not to any extent variable. The harbors, such as 
Tarpaulin Cove, Woods Hole, Holmes Hole, and Edgartown, though so 
placed that they would naturally be obstructed by moving sands were 
large quantities of such materials in unstable positions, show little 
tendency to fill in. The sand beaches, such as those at Menemsha light 
and between Sengekontacket Pond and the sea, are evidently Hot gain- 
ing in width. These conditions are in very distinct contrast to those 
which are found in and about Nantucket Sound and MuskegetChannel, 
where there is a ceaseless oscillation of the shoals and where the har- 
bors which exist are in constant process of closure, against which, as at 
Nantucket, the precautions of the engineer seem to be of little avail. 
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The reason for this difference is not perfectly clear; it is probable that 
it is in part due to the relatively large amount of waste contributed 
to the sea by the degradation of the shores of Ifantucket and Cape 
God, but in a measure also to the fact that the average run of the tides 
seems to bear the sands to the eastward to a point where the energy of 
the Atlantic surges, rolling in from the eastward, tends to beat them 
back into Nantucket Sound. 

It seems likely that something like this peculiar condition which we 
now find in the shoals of the Monomoy group existed a short time ago 
in the region of Nantucket Shoals, although as yet we do not know 
enough of these shallows accurately to determine their history. It is 
probable that it represents the remains of a system of low islands, 
shoals, and tidal channels which were depressed beneath the sea at 
the last subsidence. If we should conceive the shore to be 50 feet 
higher than it is at present, the struggle of the tides and other cur- 
rents which now exists about Monomoy would be transferred to the 
region of Nantucket Shoals. 

inSTDERSTRUCTURE OF CAPE COD. 

On first inspection the body of Cape Cod, i. e., that part of it which 
lies between Monument Eiver on the west and the sand spit which sets 
in just east of Highland light, appears to be made of glacial debris. 
It is true that nearly the whole surface is covered either by the exten- 
sive moraines which are to be described in the next section of this 
report or by the deposits of sand and gravel which are spread on the 
south and east of the morainal accumulations. These superficial accu- 
mulations are so extensive that they very effectively mask the true 
character of the underlying deposits. None of the streams form sections 
which reveal the underlying beds, and the only cliff shores which do 
this are near Highland light, where the evidence, as will hereafter be 
noted, is not very indicative. I therefore deem it necessary to give in 
some detail the evidence which goes to prove that there are large areas 
of relatively old strata lying beneath the glacial beds of this district 
and above the level of the sea. 

Beginning with the southwestermost portion of the cape district, 
that which is in the town of Falmouth, we observe in the fields about 
Quamquisset Harbor a quality of surface which clearly indicates the 
existence of deposits other than those of glacial origin. The topog- 
raphy is evidently older than the last ice time, the valleys being some- 
what encumbered with deposits of drift. Sections through the ridges 
show beneath the thin detrital coating a series of somewhat indurated 
sands, gravels, and clays, usually thin-bedded, though some of the 
clay layers are 2 feet or more in thickness. The sands and gravels 
are rather ferruginous, and sometimes the iron oxide is sufficient in 
amount to produce a distinct cementation. The clay beds range in color 
from whitish, through brown, to distinct reds. The materials and their 
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asBociation are essentially like those belonging to the I^ashaqoitsa 
series, as shown on Marthas Vineyard. The i)ebbly matter is rarely of 
crystalline rocks ^ it consists almost altogether of quartz and qoartzite. 
In the places where shown in rather small openings it seemed likely 
that the few pebbles of a granitic nature had been brought to the 
ground by the glacier and crushed into the mass by ice action. 

The most notable feature in the ^^ Quisset^ Harbor section is the con- 
siderable dislocation to which the beds have been subjected. The 
layers are thrown into short, abrupt folds, the resulting dips being at 
several x)oints as much as 30 degrees of declivity. The strikes are 
irregular, but, as on much of Marthas Vineyard, incline to a general 
northwest-southeast direction. The condition of the folded beds, espe- 
cially the fact that a topography somewhat obstructed by glacial 
deposits but otherwise undisturbed was carved on them in pre- 
Glacial time, clearly indicates that here, as on the island last named^ 
the disturbances can not be accounted for by the movement of the ice. 
The important exposures which have yielded this evidence were made 
in 1896 by a land company in grading the roads of its property. They 
are, unfortunately, of a nature to be soon effaced. 

The topography and the distribution of the *' spring levels" (or places 
where the water contained in the drift is turned to the surface by the 
clays) of the region about Woods Hole indicate that this Nashaquitsa 
series — for such we shall term it — arises to the prevailing height of about 
60 feet above the sea, being capped by the ridge of the moraine which 
runs parallel with the shore of Buzzards Bay. Northward along the 
shore of that bay the conditions of surface, as explained by the above- 
noted facts, indicates that essentially the same materials continue to 
Buzzards Bay, the ancient series being interrupted only by the inden- 
tations which are formed by several "drowned" valleys and by Monu- 
ment River. In a railway cutting just west of Buzzards Bay station 
there was exi)Osed in 1896 a section about 4 feet deep which showed 
stratified ferruginous sands that were slightly folded. These beds 
appeared to belong to the same series as those at "Quisset" Harbor. 

Just east of Falmouth the stream beds near the shore at several 
points reveal by a little excavating the presence of indnrat'Cd ferrugi- 
nous sands and gravels of the same type as those found north of Woods 
Hole. Moreover, the streams that drain from the eastern face of the 
Falmouth moraine show that the percolating drainage which is normal 
to a sand-plain country is interrupted by some resisting layers, which 
hold the water near the surface. If there were not water-turning beds 
under these sand plains they would, like those of the similar plains of 
Marthas Vineyard and Nantucket, drain by percolation to the sea. 

The facts above noted warrant the hypothesis that the western sec- 
tion of Gape God, say for a strip some 8 miles in width, has a founda- 
tion of ancient sands, gravels, and clays which rises to a considerable 
height above the water level, and is, in parts at least, much dislocated. 
18 GEOL, PT 2 34 
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It is barely ixmsible that the aDseen water<hoIding layers on the eastern 
side of this area are of till or other clay beds of Glacial age, but the 
improbability of this view will be made apparent by the acconnt of 
similar deposits in other parts of the cape. 

On the northern shore of the peninsula, from near Monnment Biver 
eastward to Yarmouth, and less distinctly still farther eastward to 
Orleans, there is an often indistinct but clearly traceable slope leading 
upward from the sea level to a height of 60 feet or more. Tliis slope 
is often more or less masked by local accumulations of till, or even by 
small ridges of a motaiual nature ; but wherever its structure is revealed 
it is found to be made up of a deposit of dark-blue and gray stratified 
clays. Its presence is generally attested by the fact that it is not 
penetrable by water, and the fields which lie upon it are quite dif- 
erent in character from those found elsewhere in the cape district. 
The agriculture of the northern portion of Barnstable County has 
indeed been to a considerable extent founded on the quality of this 
underlying material, which affords a much more enduring soil than is 
found elsewhere in the area. 

Occasional wells on this northern slope of the cape, and particularly 
the brick pits in Barnstable, show this clay to have the thickness of at 
least 20 feet. At no point, so far as I have been able to find, has it 
been passed through. 

The clay which so generally forms the northward Aope of the cape, 
between Orleans and Monument Biver, apparently underlies all the 
characteristic deposits of the last Glacial epoch. Upon it rests a num- 
ber of small areas of an evidently morainal nature, as well as a general 
though rather thin covering of till, which appears at some points, par- 
ticularly at the brick pits above referred to, to be somewhat churned 
up with the lower clay. Nevertheless, the distinction between the two 
deposits is sutliciently clear to show that they are only accidentally 
associated. Although this clay is to a great extent masked by the 
usually thin coating of drift, it appears to be continued as a tolerably 
connected deposit from the western extremity of the cape to Orleans, 
and perhaps still farther eastward. The fields of this section owe their 
relative fertility in part to the fact that the clay keeps the water table 
nearer the surface of the ^ouud and in part to the commingling of 
this clay with the glacial waste, which in this district is distinctly more 
clayey than it Is in other parts of the cape. 

The northern clay of Gape God does not appear to have been dislo- 
cated by compression strains, at least none such have been seen in the 
scanty sections which are exposed to view. As to the origin of the 
deposit, the evidence is not yet clear. So far as ascertained, the mate- 
rial contains no fossils. In its general aspect it is like the well-known 
brick clays of southeastern Massachusetts, which were, in some cases 
at least, clearly formed at the time of, and in front of, the glacial sheets 
during the last ice advances. Yet, as no pebbles have been found in 
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the deposit, and as its resemblance to some of the beds of the Nasha- 
qaitsa series of Marthas Vineyard, which clearly antedates the la«t ice 
epoch, is evident, it will not be safe to class it as of Glacial age. It is, 
perhaps, the equivalent of the Tisbury clays of Marthas Vineyard. 

South of the glacial clays, and generally beneath the moraine which 
extends from Monument Eiver to Orleans, the evidence, though imper- 
fect, goes to show the existence of another series of clays, which exhibit 
a general likeness to those noted as occurring in Falmouth near Qnam- 
quisset Harbor. In my opinion this ridge of older clays forms the 
greater part of the considerable elevation, which at first sight appears 
to be entirely of a morainal nature. The evidence in support of this 
proposition is as follows : 

Along the line of the moraine, which attains at several points an 
altitude of nearly 200 feet, we find that the depressions of the surface, 
up to 150 feet, often contain water for a large part of the year. Even 
where they are not temporary pools, these kettles commonly exhibit 
up to or above the last-named height a degree of wetness which indi- 
cates that they rest upon more impervious materials than the very 
porous moraine affords. An index of the same nature is to be found in 
the height of the considerable lakes, of which a score or more are 
shown on the topographical map of this part of the cape. Thus, 
Peters Pond, in Sandwich, is about 95 feet above the sea, and a num- 
ber of the other lakes exceed 50 feet in altitude. In general, it may be 
said that the lakes in the central portion of the cape, particularly those 
within the limits of the distinctly moraine topography, stand at heights 
above the sea which clearly indicate that the barriers which retain the 
water are much less pervious than the sandy, pebbly, and bowldery 
matter of the moraine itself, which in this regard is but slightly more 
effective than the washed drift. The same considerations lead us to 
extend the clay area much to the southward of the southern face of the 
moraine. The lakes on the sand plains for some distance out from the 
face of the moraine lie at heights which exclude the supposition that 
their waters are retained by the interstitial friction or resistance to per- 
colation which is normal to washed drift. On the sand plains of Marthas 
Vineyard the value of this Motion, as is shown by the depth at which 
water has been struck in the central portion of the island, is not more 
than 2 to 3 feet to the mile. On Gape God many of these lakes of the 
plain are at heights above the sea which would afford grades of from 
12 to 15 feet to the mile from their low- water mark to mean tide. On 
this account, as well as from the general statement which is had from 
all those who are familiar with the history of the wells of the district, 
that they usually strike clay before attaining the level of the sea, I 
judge that the central clays of the island probably extend some dis- 
tance south of the moraine. 

As to the character and altitudes of the central or submorainal clays 
of the northern part of Gape God, the evidence yet gathered, though 
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Fio. 88.— Diagrammatio section showing position of folded clays, State 
road, Bennie. A, glacial drift ; B, folds in (Tmro f ) days. 1 inch = 1 00 
feet. 



not extensive, is, taken with what has been found near Woods Hole, 
sufficient to show something of these conditions. In the section 
between Great Pond and West Barnstable the roads show some small 
sections of grayish-white bedded sands unlike any glacial beds known 
to me. The beds dip to the southeast at angles of from 8 to 10 degrees. 
Traces of reddish-brown clays are revealed in the same district. 

In the town of Dennis, at the side of the State road, the cuttings at 
the time they were made revealed dark clays and gray sands, thinly 
bedded, resembling the I^ashaquitsa series. These beds are folded on 
a north-south axis, the amplitude of 'the arches, so far as could be 
ascertained, not exceeding 50 feet. Although these foldings were not 
very plain, they were recognized by my companion, who had no spe- 
cial knowledge of geology, as arches having the form shown in the 
diagram, fig. 88. 
In the town of Brewster, about one-half mile east of the station of 

that name, there is 
a considerable area 
(100 acres or more) 
in which the drift 
covering is so thin 
that the under 
clays are revealed. 
These appear t o 
be somewhat confused next the surface by the rubbing and scour* 
ing action of tbe glacier. It is thus impossible, in the slight 
exposures, to determine the exact attitude of the beds, which are of 
grayish and blue sandy clays and red clays, the last of the general 
aspect of those at Gay Head. Near Griffiths Pond — now a cranberry 
bog — a considerable exposure of the red clay on the north side of the 
road to the station shows not very clearly a rather steep dip to the 
northwest. Although the scanty showing of these clays in the small 
pits by the roadside does not afford distinct evidence of steep dips, the 
distribution of the outcrops indicates such attitudes, with a prevailing 
strike N. 45° E. These clays rise to about 100 feet above the level of 
the sea. 

From Schoolhouse Pond to Bast Brewster station the clays, appar- 
ently of the same general nature as those last described, lie everywhere 
near the surface on the south side of the main road. The deposit rises 
to the height of from 100 to 110 feet above the level of tide. Its upper 
surface forms a tolerably gentle slope to the northward, on which rests 
the morainal heaps and into which the kettles seem to be cut, with the 
result that they are usually very wet at their bottoms. The red or red- 
dish sandy clays appear also, though obscurely, in some of the roads 
of East Harwich which lie to the south of the section last described. 

In Orleans the older series seems to be present thoughout the greater 
portions of the area of the town. It is scantily revealed in the road 
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enttingH, and is sbown in an effectiTe way ooly on the sonthweBt Bide 
of Town Oove, jnst east of Tonset. Alon^ this shore the deposits are 
not enoagh exposed to give a dear idea of their attitnde. They are all 
dark colored and are related to the glacial beds in the manner indi- 
cated ID the accompanying diagram, &g. 89, 

The above-described clays appear to continae for some distance 
northward into Eastbam. The precise line where they cease to rise 
above the level of the sea has not been det«nDiiied; it can not b« 
ascertained withont pits or borings. It seems likely that this limit is 
not &r irom 2Torth Eastham station. 

On the sonth side of the moraine there exists a series of clays which 
are revealed in the ordinary domestic wells that are driven in this 
section. I have been nnable to find any of these wells in process of 
excavation, and am therefore limited as to information concerning the 
section to what I have been able to gather from various persons whose 



statements seem worthy of trnst. These persons agree that for a con- 
siderable distance sonth of the moraine in Harwich, to within a mile 
or so of the sea, these wells strike a dark-colored clay ordinarily at a 
depth of 10 to 20 feet below the sorCace. This deposit nsually has to be 
passed through in order to obtain water, which is foaud in thin layers 
of gravel above a lower-lying clay. The thickness of the npper clay 
is said to be 10 feet or more; the lower clay deposits do not appear to 
have been passed throngh. 

The statements concerning the existence of a series of clay layers 
beneath the sand plain on the sonthem side of the Oape Cod moraine are 
in accordance with the evidence afforded by the levels of the lakes in 
this area. As before remarked, these lakes, especially those which are 
situated within 2 or 3 miles of the morainal area, have a height above 
the level of the sea which is inoouBiat«nt with the supposition that 
they are fenced in by no more effective barriers than wonld be formed 
of the open-textnred sand and gravel of the plain in which they lie. 
These lakes are, in part at least, to be regarded as oocnpyiug old val- 
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leys, which slope down to the northward and have been barred across 
by morainal accumulations of a clayey nature, which have in good part 
effaced them. 

As to the attitude of these day beds, which lie beneath the whole or 
a large part of the sontbeni monunal plain of the cape as far oat as 
Orleans, there is no basis for accurate determination. The reports 
irom those who have sunk wells in the area leads, however, to the sap- 
position that the deposits are not dislocated after the manuer of the 
central series, bat lie in approximately horizontal attitades, dipping 
gently to the soathward. It is thos tolerably clear that the fanda- 
mental stmcture of the body of the cape — at least that part of it lying 
between Monument River and Eastbam — consists of a central axis of 
more ancient clays and sands, having in part at least the gener^ 
aspect of the Nashaqnitsa series of Marthas Vineyard, and being like- 
wise much disturbed by orogeuio 
action. On the flanks of this older 
axis of elevation lie the clays, 
which, as before noted, appear to 
form the north and south slopes 
of the area, and on which rest the 
relatively thin layer of glacial 
waste — the moraines and sand 
plains which give the surface as- 
pect Co the region. 

The outer portion of tbe cape^ 
i. e., that between Orleans, or per- 
haps the northern portion of East- 
Ra. «J-Di«r«.„o.ao «c«on n«r woUflew ^*^' a°<i '^le extremity of the 
bridge, Id Trani. A, glacial drift, B,D. F, strati- peuinsula — has a Structure which 
ita^Bf^^^'"'*'^"^^'^''' G,ai>e<ii»j. indicates a history somewhat dif- 
ferent irom that just noted. In 
this outer part the older dislocated beds with the red clay layers do not 
appear above the water level, or if tbey rise above that plane they are 
completely covered by the later-formed deposits of clays and sands, 
lu this area we have a succession of beds, indicated in tbe accom- 
panying flg. 90, which shows a series of events somewhat different 
from that exhibited in the district to the westward. In this section, 
from central Eastbam to the end of the highland at Moon Pond and 
Salt Meadow Pond, the beds consist of certain clays which appear, so 
iar as can be determined by their general natare and relations, to 
be essentially similar to those beds which were noted as occurring 
on either side of the Ifaahaquitsa series of the western district of 
th.6 peninsula. Upon these clays occur beds of much-decayed sands 
and gravels, which in character are somewhat like those found in the 
subglacial portion of the section on the west side of Town Gove in 
Orleans. Owing to tbe large showing made by the glacial deposits of 



). PrtOVINCETOWN. 



B. NEAR VIEW OF DUNE SURFACE, SHOWINS M 



BHALEB] HISTORY OP THE CAPE COD SEROlS. 535 

this part of the cape, this series of sands and clays has been assumed to 
be the product of the ice age. Although the question as to the age of the 
several divisions of rocks of this field is in the main to be dealt with in 
a later part of this report, it may here be said that there is good reason 
to doubt whether the beds shown in Wellfleet and Truro should be 
reckoned as of glacial origin, at least in the sense that the sand plains 
in the more eastern section are to be so reckoned. They have exhibited 
no glaciated pebbles; they lack the sur&ee slope so characteristic of 
morainal aprons, and they fail to exhibit the occasional large ice-rafted 
bowlders so common in such deposits. 

From the northern end of the highland of the cape to the extremity 
of the peninsula the land is, so far as its sur&u^e is concerned, made 
up altogether of sands, which have been broaght into their position 
by the recent action of marine currents or of the wind. As has been 
shown by Professor Davis, the form of the slope which terminates the 
elevated ground toward Salt Meadow Pond indicates marine erosion 
before the outermost part of the cape had been built. As will be here- 
after noted in more detail, this agglomeration of sand hooks and spits 
most likely rests upon a portion of the land which had been cut away 
by a set of currents different from those now prevailing on this shore. 
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the geneial struotuxe of the area west of Orleans. 

The construction work involved in the formation of dunes is admir* 
ably shown in this portion of the cax>e. By the exercise of a certain 
amount of care in planting, the local and State authorities have suc- 
ceeded in arresting the movement over a large part of the area, but the 
seaword portion of it is still in constant motion. The speed of this 
movement may be judged by the fact that in April, 1897, a mass of 
snow 20 feet in length and 2 feet in thickness was revealed where it 
had been covered with sand during the preceding winter to the depth 
of 12 feet, the mass having been subsequently cut through by a change 
in the scouring movement of the wind. ( See PI. XCVII, B.) 

The irregular deposition of the dunes has led to the formation of a 
number of small lakes, which, though of no geological significance, are 
very picturesque. They are generally bordered by a fine growth of 
scrubby trees, nourished by the moisture they afford, while beyond this 
fertile margin rise the desolate slopes of sand. (See PI. XGYII, A.) 

HISTORY OF THE CAPE COD SERIES. 

I 

As already indicated, the beds exhibited in this area may, so far as 
they have been interpreted, be provisionally divided into five groups, of 
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very anequal value as regards their extent or the time occupied in 
their formation. These groups are, in order of age, as follows: 

First and lowest, the series of gravels, sands, and sandy clays which, 
on the basis of general aspect, are here reckoned as the equivalent of 
the Nashaquitsa series of Marthas Vineyard, and which, as on that 
island, have been subjected to a considerable amount of stressing. 

Second, the dark-colored clays which are revealed at the brick pits 
in West Barnstable, at the base of the section on the west shore of 
Town Gove, at the base of the section at Highland light, and at vari- 
ous other points ; these are known as the Barnstable series. These pits 
are occasionally much Ulled. Their position in relation to the other 
groups remains somewhat doubtftil. 

Third, the sands and clays characteristic of the Wellfleet and Truro 
district, found along the shore northward to Plymouth Harbor, and 
probably northward to Egypt or Ooleman Heights, in Scituate. It is 
not unlikely that remnants of these beds occur in other portions of 
southeastern New England. 

Fourth, the glacial dex)Osits, including the morainal accumulations, 
the eskers, and the sand plains which lie south of the moraines. 

Fifth, the beds formed since the Glacial period, consisting of dunes, 
spits and hooks, submarine coast shelves and shallows, and the organic 
deposits of swamps and marshes. 

These five groups of deposits will now be considered ft^m the point 
of view of their geological history. 

NASHAQUITSA SERIES. 

The identification of this series, as exhibited in Gape God, with that 
found at the typical locality on Marthas Vineyard, rests altogether 
upon the general, though close, resemblance of the physical character- 
istics of the deposits. In both we have the same gray measures — sands 
intermingled with sandy clays, which have a red or reddish hue; in 
both the pebbly element is scanty. In the Gape God exposures the red 
beds are more prominent than on Marthas Vineyard, but in both cases 
the hue is less pronounced and the clayey element less considerable 
than in the more ancient deposits of the Gay Head Miocene series. It 
seems likely that these reddish clays have in each case been derived 
from the washing over of the older Tertiary deposits. That such is the 
case on Marthas Vineyard admits of scarcely any doubt, for the reason 
that there the later beds contain fossils which evidently came from the 
erosion of the earlier series. 

It is hardly to be supposed that these red clays of Gape God could 
have been derived from ^ field so remote as that of Gay Head. As may 
be seen at the last-named point, the eroded clay is not carried any dis- 
tance by the tidal currents. We are, therefore, compelled to suppose 
that the beds in Gape God were derived from some areas of the Gay 
Head series which have been completely eroded away, or at least lowered 
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beneath the sea level by the wearing to which they have been subjected. 
The remnant of the Miocene rocks which exists in Marshfleld, on the 
mainland to the north of Gape God, lies in a depression of the crystal- 
line rocks, where it has been in a measure protected from erosion. It 
is eminently probable that these beds once occupied the district between 
Marshfield and the base of the ^cape. They may, indeed, have had a 
much greater areal extent. 

The probability that the deposits of the series found at Gay Head 
and elsewhere on Marthas Vineyard once extended over a wide* field 
in the cape district is made the clearer by the fact that remnants of 
the greensands, as is well known, occur at Marshfield, Massachusetts, 
north of Plymouth, and apparently also below the level of the sea in 
one or more points in the Monomoy group of shoals. The evidence as 
to the existence of the beds at the last-named point is incomplete, but 
it deserves a brief statement. 

Among the shallows in the Monomoy area is one sometimes known 
as Stone Horse Shoal. This eminently curious name points to some 
peculiar feature in the history or structure of the place. I am told by 
Gapt. John L. Yeeder, of Woods Hole, that some years ago he was 
engaged in breaking up the wreck of a ship which had been for some 
time lying on that shoal and had become partly embedded in the sands. 
When the hulk rolled over it brought up a quantity of "dark sand'' 
which contained many fragments of bones. In answer to my inquiry 
Gaptain Yeeder stated that the material was like the greensauds of 
Gay Head. It is well known that sailors are apt to class any bones as 
those of horses. 

As to the nature of the erosion which provided the material for the 
Kashaquitsa series, there is little distinct evidence, and that is of a 
negative character. The beds on Marthas Vineyard have afforded 
fragments of magnetic iron ore, apparently from Gumberland, Rhode 
Island, and other materials which may be from the same field; but it is 
to be observed that the pebbles may not have been derived directly 
from that locality, but may have come, as is the case with much of 
other materials, intermediately from deposits of Tertiary or Gretaceous 
age. As these beds were apparently de{>osited not long before the 
advent of the last Glacial period, the question arises whether they 
indicate any form of ice action. To this inquiry a negative answer 
must in general be given. None of the pebbles are scratched or 
faceted; there appear to be no ice-rafted blocks; the fragments are 
all small, the greater part of them of quartzitic or felsitic nature, the 
ordinary crystalline rocks, such as are so plentifrdly exhibited by the 
glacial deposits of the last ice period, being of scant occurrence. In 
general the pebbles are much waterworn and affected by superficial 
decay, which shows t^at they have been long separated from their 
original bedding places. 

The transportation of the materials of the Nashaquitsa series api>ears 
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to have been effected, in part at least, by strong and variable cnrrents, 
as is shown by the stony cross bedding of the sands. At other times, 
and with sadden alternations, the conditions were snch as allowed the 
deposition of fine-grained days in these layers. It is a noteworthy fea- 
tore of the formation that it contains, so far as ascertained, no indigenous 
fossils of a recognizable nature. Th|s, taken in connection with the 
fact that on the west end of Marthas Vineyard (where alone the series 
is well exhibited) there are a great many organic remains of animals 
derived from the Tertiary rocks, goes to indicate that, though the con- 
ditions of deposition and of subsequent time favored the preservation 
of fossils, none were contributed to the formation by creatures living 
in the waters. This inorganic asx>ect of the beds may be due to any 
one of several conditions existing in this district at the time of their 
formation. It may have been due to the presence of a glacial sheet ; but 
this hypothesis is less warranted than is the supposition that the depo- 
sition took place rapidly in a fresh- water basin much in the manner in 
which deposits are now accumulating in the basins of certain great 
lakes, as, for instance, in Lake Ontario near the mouth of the Genesee 
Biver. The evidence afforded by the beds is, indeed, most consistent 
with the view that they were thus formed in a fresh- water or estuarine 
body into which large and sediment-laden streams were discharged. 

At fu*st sight the supx)osition that this portion of the continent was 
the seat of considerable lakes during or about the Pliocene epoch may 
seem to require an excessive difference from the existing geographical 
conditions. It is, however, evident that the Atlantic shoreland from 
the Garolinas to Nova Scotia has from the beginning of the Mesozoic 
to the present geological time tended to develop extensive lacustrine 
areas. In Triassic time these areas of fresh water were numerous 
and large, the basins having a character and an extent comparable 
with those of the eastern flank of the Rocky Mountains during the 
Cretaceous period. A part at least of the Oay Head series, including 
the plant beds of the Oretaceous and a x)ortion of the Miocene, appears 
to have been deposited in areas of fresh water. It is not necessary to 
suppose that these areas of fresh water were completely separated from 
the sea; they may have been estuarine in their nature, much as are the 
sounds of North Carolina and other portions of the southern coast of 
the United States. 

The question arises as to the original extension of the deposits of the 
Nashaquitsa series. As yet they have been definitely observed only 
on Marthas Vineyard, in the islands of the Elizabeth Archipelago, and 
in the area we are now considering. It is likely, however, that beds 
of equivalent age exist in Block, Fishers, and Long islands. Deposits 
of perhaps the same age may exist farther to the south, though until 
fossils are found iu the Massachusetts area there will be no suffi- 
cient means of fixing the age. The fact that these beds are found 
scattered over a considerable area in the manner before noted indicates 
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that they were at one time extensive. The height they now occapy, 
notwithstanding the considerable erosion to which they have been sub- 
jected, shows that they must have been formed when the level of the 
sea was mnch higher than at present. Thns on Marthas Vineyard they 
lie at not less than 200 feet above the tide^ and their upper sorface has 
shared in the erosion which has served to develop an old and deeply 
incised topography on the area. It is, indeed, necessary to assnme 
that the upper surface of the deposit originally lay at a far higher 
level, perhaps 100 feet or more above its present plane. 

As to the dislocation of the beds, this seems to have occurred before 
the erosion which formed the valleys in which lie the bays and sounds 
that separate the known location of the deposits. The time of the 
dislocation can not be more definitely stated than that it was after a 
part, at least, of the Pliocene had been deposited and before the depo- 
sition of the Barnstable clays or the Tisbury beds, which apparently 
lie above them. The interval between these stages was evidently of 
considerable duration, even in the geological sense of the word, for it 
included not only the time occupied in the folding but also the period 
required for a considerable erosion of the beds. 

Concerning the extent of the dislocations which have affected the 
Kashaquitsa series, it may be said that it was much less intense and 
general than that which is recorded in the Gay Head section. In the 
area occupied by the last-named group of strata, about 30 square miles 
in extent, the average dip of the beds is about 45^, and no part of the 
layers, so far as seen, remains in a horizontal attitude. In the case of 
the Nashaquitsa series the greater portion of the Marthas Vineyard 
area is but little dislocated, and on Gape God the average departure 
from the original horizontal attitude is apparently only a little greater 
than it is on the Vineyard, probably not averaging more than 10^ of 
declivity. 

The foregoing considerations justify the supposition that the iNTash- 
aquitsa series originally occupied an area along this portion of the 
shore of the continent; they warrant also the belief that this area was, 
after a slight though distinct dislocation, carved into an extended topo- 
graphical relief and that the surface of its more salient points was con- 
siderably lowered in the process. We have to suppose that this carv- 
ing was, in the main at least, due to river action, though the valleys may 
have been affected by marine agencies after they were lowered beneath 
the plane of the sea. 

THE BARNSTABLE SERIES. 

After the formation of the topography cut in the Nashaquitsa series 
had been effected the district was again depressed beneath the sea. 
The downward movement certainly brought the coast line at least 100 
feet above its present level, for the Barnstable clays attain the eleva- 
tion of 60 feet above tide, and the Tisbury clays, their probable equiva- 
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lent, rise to about 90 feet. . As these clays, particularly those of the 
Barnstable area, have the character which belongs to deposits formed 
at some distance ftrom the shore line, it is likely that the down-sinking 
was to a much greater depth than is here indicated. 

Clays of the same general nature as those of the Barnstable series 
occur along the shore to the eastward as far as Chatham, though the 
best exposures known to me are those on the present marine escarp- 
ment and in the clay pits at Barnstable; there they seem everywhere 
to underlie the glacial deposits, being usually separated from them by 
a variable thickness of apparently pure glacial sands and clays. 

It is not unlikely that some of the brick clays lying farther north- 
ward and westward on the mainland, as well as other deposits in Har- 
wich, are of the same age as those of the Barnstable series, but their 
discrimination is difficult and has not yet been effected for the reason 
that they do not apparently differ in any distinct way from those of 
later date and of undoubted glacial origin. 

The gravels in the clays of the Barnstable series are known to me 
only by the reports of those who have penetrated the beds in sinking 
wells. They are described as comx)osed of small pebbles, mingled or 
coated with iron oxide. 

The Barnstable beds, as has already been suggested, may be the 
equivalent of the Tisbury beds of Marthas Vineyard. The evidence 
of the identity of age is, it must be confessed, not very strong. It 
rests altogether on the fact that in both cases clay beds not greatly 
disturbed by the mountain-building forces rest upon the disturbed Gay 
Head series, and that they have both been elevated to a considerable 
height and carved by erosive agents. To suppose that the two series 
are of diverse age would require the assumption that there had been 
one more cycle of erosion, subsidence, and elevation in the Pleistocene 
period, which is already overcrowded with actions of this nature that 
I have been compelled to postulate in order to explain the geological 
structure of the district. 

As against the supposition of the identity of age of the two sets of 
beds, it may be said that the Tisbury series forms a distinct, though 
much eroded, bench on the north side of the island of Marthas Vine- 
yard. There is no evidence that they ever had a very wide lateral 
extent. The beds are mottled yellow and bluish clays and sands, with 
occasional bowlders of small size, which may possibly have been ice- 
rafted to their present positions. The materials of the strata have 
apparently been derived from the erosion of the Cretaceous and Ter- 
tiary beds of the dislocated area against which they lie. It seems quite 
possible that with the advance of our knowledge of this district it will 
be found that the Barnstable beds, which appear to have been formed 
in deep water in an offshore position, are not to be regarded as in age 
the equivalents of the Tisbury beds, which were evidently formed 
nearer the shore and in a shallower depth. 
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It is to be nnderstood that evidence of a diversity in age of the gla- 
cial clays and of the beds here referred to as related to the Barnstable 
series is not perfectly clear. I see no reason to doabt that the forma- 
tion of the deposits which lie beneath the cape and the region to the 
northward as far as Pljrmouth Harbor dearly antedate the last ice 
epoch, but some of the clay beds of the cape district may have been 
deposited during the time when the ice work was in progress. It 
shonld also be noted that even if the glacial origin oV the Barnstable 
series shonld be proved, the evidence is still to the effect that the ice 
action was not that of the last advance, but an epoch separated from 
it by events which indicate the lapse of a great interval of time. This 
will be more evident in the sequel. 

TRURO SERIES. 

The characteristic Truro series is even more generally concealed 
than are the beds which lie beneath along the eastern shore from Well- 
fleet to Highland light. They are, it is true, revealed in the wasting 
diffs, but the amount both of slipping and of loose debris is so great 
that it is not possible to determine further the character of the section 
than that it is composed of a hundred feet or more of flue, gray, mica- 
ceous sands and sandy clays in frequently alternating beds. These 
beds apparently contain no fragments of compound rocks; the only 
pebbles they carry — and these are small and of infrequent occurrence — 
are composed of white quartz. The beds appear to be somewhat dis- 
turbed, but the irregular sliding of the cliff as it is undercut by the sea 
makes this apparent evidence of erogenic stress untrustworthy. 

At only two places has it as yet proved possible clearly to ascertain 
the true attitude of the beds in the Truro series. One of these is a pit 
whence clay for hardening roads has been taken. It is on the north 
side of Pamet Eiver, immediately south of the road, and a few hundred 
feet from the bridge over that tidal stream. The section is as shown in 
PI. XO VIII, J., and in fig. 90, p. 534. The materialsconsist of alternating 
clays and sands, such as are shown on the cliff at Highland light, even 
bedded and quite without pebbly matter except bits of rounded quartz. 
They lie at an angle of about 18o, dipping northwestward. There is a 
thin layer of pebbly drift on the top of the section. (See PI. C.) 

Another exhibition of these beds is in a clay pit 200 or 300 feet north 
of South Wellfleet station. Here the beds are at higher angles than in 
the section near Pamet Eiver bridge; in part the slopes are of 30^ or 
more. The bedding, indeed, seems to be crushed as it is at certain 
points on Marthas Vineyard. Here, as in the last-named section, there 
is a thin overlay of pebbly washed drift, with small rounded bowlderets. 

It should be noted that the sections above described were obtained 
at the only points where the attitudes of the Truro series could be 
clearly discerned. Taken in connection with what has been observed 
on the cliff shore and in a considerable number of obscure artificial 
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exposures, there is evident reason for believing that the strata of this 
series are generally dislocated mach as are the beds of Tertiary age ou 
Marthas Vineyard. 

It appears to me unreasonable to suppose that the steep dips of the 
beds of the Truro series are due either to cross bedding or to glacial 
thrusting. The sections examined are sufficiently extensive to reveal 
the true structure. They show nothing to arouse the suspicion that 
these slopes are due to deposition on the construction point of the 
stratum. As for the thrusting, there is, as is elsewhere noted, no good 
reason to believe that the glacier ever eroded this surface. If it did so, 
its action was not vigorous enough to have eroded the delicately 
molded pre-Glacial topography. 

The feature which most distinctly separates the surface aspect of the 
Truro sands from that of the morainal aprons is their slope. This is 
not, as in the sand plains of Barnstable and elsewhere, toward the 
open sea on the east, but distinctly toward the bay on the west. The 
surface is, it is true, to a certain extent encumbered by the waste left 
upon it in the last advance of the ice; but making allowance for this 
coating, it is quite evident that the slope, instead of being outward from 
the ice front, was inward toward the face of the glacier. If, indeed, the 
dex)osit is to be regarded as a sand plain, it will have to be assumed 
that the ice lay outside of the cape, discharging its waste westward 
toward the bay, a view which is manifestly inconsistent with all we 
know of the distribution of the glacial enveloi>e on this part of the 
shore. 

Taking no account of the deformations of the surface in Truro and 
Wellfleet, which have been brought about by the small amount of 
glacial waste which the area bears, the westerly slope is clearly indi- 
cated either to the eye of the observer in the field or by the inspection 
of the topographic map, where the contours are seen to lower as we 
pass from the outer or eastern to the inuer or western side of the area. 

As we pass from the eminently characteristic surface of the sand 
deposits of Truro and Wellfleet toward the southern and western parts 
of the cape, the glacial deposits thicken and become more irregular, 
until in Orleans the Truro sands are to a great extent concealed by 
this drift. Nevertheless, beds of the same general nature are notice- 
able at most points where a natural or artificial section is carried to 
any considerable depth in all the area as far west as Yarmouth. 
They are particularly well shown in Dennis and Harwich, and are also 
revealed in the southern parts of Brewster and the northern portion of 
Harwich. It is here, as in the typical localities of the series, quite 
evident that the sui-face was deeply incised by the action of streams 
before the last invasion of the ice, which served to encumber and at 
times efface the preexisting valleys, though the erosive action which 
conveyed this waste was not sufficiently intense to cut away this rather 
delicately molded topography. Throughout the area in which these 
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ancient sands are traceable they generally rise on the crests of the 
ridges which they occupy to the height of aboat 100 feet above the 
level of the sea. It seems likely that while glacial erosion, mainly 
if not altogether due to streams from beneath the ice, may have cut 
down these crests to a certain amount, the extent of this wearing 
has probably been not more than a few feet. 

The original extent of these Truro sands is, on account of the ero- 
sion to which they have been subjected, not clearly determinable. It 
seems, however, to have been great, as will be seen from the following 
notes concerning the distribution of beds apparently of that age which 
occur in a fragmentary manner in and about Gape God. In the west- 
em part of the cape there is reason to susx>ect that deposits of this 
age underlie the ridge of the Falmouth moraine. Exposures of yellow 
sands are shown at a number of points on the western face of the 
moraine in positions which indicate that they are portions of a large 
area which extends beneath this mass and rises to a considerable 
height beneath it. On the island of Naushon, the northernmost of the 
islands of the Elizabeth Archipelago, orange-colored sands with char- 
acteristic absence of coarse waste underlie nearly, if not quite, all of 
the area and rise to the usual height of about 100 feet. Southward 
throughout this group of islands to Penikese beds of this character 
and presumably of the same age are seen here and there, evidently 
lying in the I^ashaquitsa series. On Marthas Vineyard the series is 
less well shown, yet it is tolerably well indicated on the northern side 
of the island at Gopoggan Head (misnamed on the maps Gape Hig- 
gon), as well as at other points between Menemsha Greek and West 
Ghop. They are also seen in the retreating escarpments of East Ghop 
and West Ghop and the sea face at Gottage Gity. 

Beneath the great plain of Marthas Vineyard, the upper portion of 
which is clearly of the character proper to morainal aprons, there is 
revealed by occasional wells extending to the depth of 70 to 90 feet 
a deposit of yellow sands with no large pebbles, which appears to 
belong to this group. Here we have to suppose that the beds had been 
worn down by marine or other action to a level somewhat below that 
which they occupy elsewhere and then sheeted over with the deposits 
formed during the last advance of the ice. In the valleys of Tisbury 
and Tiasquan rivers, in the central part of Marthas Vineyard, and at 
Gay Head there are traces of the same sands, which are scantily 
revealed and only discriminable from the dei)osits of the Nashaquitsa 
series by the characteristic yellow hue. 

West of the base of the cape, along the southern shore of Massachu- 
setts, dex>osits which may be compared with those of the Truro series 
are not clearly disclosed and may not exist, though the search for them 
has not been carried so far as to make their absence certain. In Bhode 
Island, as has been suggested to me by my colleague, Mr. J. B. Wood- 
worth, beds of this age may underlie the Gharleston moraine, where, 
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as remarked by the late J. D. Dana, stratified sands appear to anderlie 
the morainal deposits. The scanty outcrops of these beds in their 
appearance warrants the supposition that the formation has the same 
general character that it exhibits in the localities before described. 

Korth of Gape God, along the shores of Massachusetts Bay, the 
Truro sands, overlain by distinct glacial deposits, are abundantly exhib- 
ited. On the shore of southern Plymouth, from i)oint to point, they 
form the marine escarpment. (See PL GIY.) In the high ridge of 
Manomet Hill they probably attain the height of 250 feet or more 
above the level of the sea. The erratics, which are so abundant on the 
ridge and which give it the character of a moraine, form only a rela- 
tively thin coating on the summit of a pre-Glacially-formed ridge, 
resulting from extended subaerial erosion of the inferior sands. (See 
fig. 92, p. 566.) 

Korth of Plymouth the curious table-land known as Egypt Heights, 
in the southern part of Scituate, appears to be composed of beds in 
character quite like those at Truro. The general form of this curious 
deposit of sand can best be explained by the supposition that it is the 
remnant of a large area, and not a local deposit accumulated during 
the last Glacial epoch. This view is supported by the general charac- 
ter of the material, which is much the same as that of the Truro sec- 
tion, though it is more deeply covered with recent glacial waste. 
Scattered patches of the same decayed sands continue to the north- 
ward as far as Boston Harbor. In that basin, mostly below the level 
of the sea, a thick deposit of sands clearly antedating the last ice 
epoch has been revealed by artificial sections, as in the tunnel for the 
Moon Island sewer, and particularly in a well boring made on Deer 
Island. At the last-named locality a thickness of 300 feet was passed 
through, the beds being in general character like those before described, 
except that the oxidation was less complete than at the other parts. 
The evidence goes to show that here, as elsewhere, this section of 
decayed sands with few pebbles is immediately, though discordantly, 
overlain by the bowldery driQ;. North of this point on the shore I am 
not aware of any sands which may be referred even conjecturally to 
the Truro series. 

In the district of southeastern Massachusetts, remote from the shore, 
I am aware of but one locality where deposits of much-oxidized sands 
having the general character of those before described are clearly 
revealed. This is at Prospect Hill, in the southern part of the town 
of Eaynham and the western part of Taunton. At this place we find 
an irregular ridge, composed mainly of sands with a few pebbly beds, 
capped in part by a layer of bowldery nature, which gives the mass 
something of the aspect of a moraine. Some years ago I came to the 
conclusion that the greater part of this ridge represented a much- 
eroded deposit, which was formed before the last ice advance and 
which had been scantily affected by a morainal accumulation made 
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in that stage of the Glacial period. It now seems most reasonable to 
regard this as a remnant of the deposits of the Traro series.^ 

It is probable that many other deposits of well-oxidized sands which 
exist in southern l^ew England will eventually be found to represent 
the same epochs of Pleistocene time as those above catalogued. At 
present they are naturally, and it may be inextricably, confused with 
the accamulations of washed drift which were so plentifully formed in 
front of the ice during the later advances of the glacier. As will be 
further noted in the study of the glacial deposits of Cape God, the 
Truro series may possibly be but the outer remnant of a broad sheet 
of shore sands formed during the earlier epochs of the Glacial period^ 
when the margin of the ice lay at some distance north of the present 
shore, and that this moraine accumulation passed into other types of 
glacial waste as it approached the ice front. 

The facts before noted make it probable that at some time before 
the advent of the ice of the last Glacial i)eriod in the region about 
Gape Cod the surface of the land was at a much lower level than it is 
now — at least 100 feet lower — and that at that time an extensive sheet 
of water-borne sands was deposited on the sea bottom. It seems 
necessary to suppose that this sheet was laid down as a tolerably 
continuous outward-sloping formation, such as is now found in the con- 
tinental shelf along the Atlantic coast. It certainly could not have 
accumulated in the patches and ridges in which it now appears. We 
can not, for instance, suppose that the crest which forms the founda- 
tion of the Elizabeth Islands, and which rises about 150 feet above the 
present level of the sea floor, or that of the Truro Plateau, which 
attains a like or greater height above the bottom of Cape Cod Bay, 
was formed as we now find it. We are forced to assume that these 
evident remnants of erosive work were originally parts of a widespread 
deposit, by far the greater patt of which has been swept away. 

The time of the erosion of the Truro sands, which reduced the area 
of the formation to the few remnants we now find, clearly antedated 
the last advances of the continental glacier. This is indicated by the 
foots that the position of the remnants is that which they would occupy 
if they were left by water erosion, but not such as would exist if the 
wearing had been effected by ice, and that the preexisting rather deli- 
cate topography, such as would have been carved by stream action, 
was not destroyed by the glacial erosion. In illustration of the first 
of these points it may be said that the ridge of the Elizabeth Islands is 
precisely such as would be brought about if it had been a divide between 
the supposed rivers of Buzzards Bay and Vineyard Sound, but in no 
way could it well be explained by glacial or marine erosion. As for 
the second, the many pre-Glacial channels on the Truro- Welltieet 
plains show how even delicately sculptured valleys were not completely 

1 Since this report was written beda apparently the equivalents of the Tmro aeries have been foond 
by the writer at a number of points in southeastern Kew England. 
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defaced by the wearing influeDce of the glacier which came upon them 
ia its marginal and attenuated form, if indeed they were ever actually 
beneath the ice. 

As for the time when the erosion of the Truro sands was effected, we 
may coufidently place it in the later part of the long interval which is 
partly, at least, recorded in the well-developed subaerial topography 
which was made on Marthas Vineyard after the cessation of the dislo- 
cation of the underlying beds and before the advent of the ice of the last 
Glacial epoch. As before remarked, this interval was long, for the work 
done during it was vast. It is clear that the Truro beds were formed 
after this topography was pretty well completed, for beds referable to 
the age lie partly in the valleys due to the erosion in question. It is 
thus evident that the greater part of the erosion of these later sands 
came after the shape of the Vineyard topography had been in large 
part determined, but probably before the valleys thereof had attained 
anything like the present development. (See Pis. Oil, CIII.) 

The reduction to a plain of tjie Truro sands was i)robably in part 
effected by the action of the sea. As may be noted along the shores 
where these beds are subjected to the action of the waves and marine 
currents, the beds wear away with exceeding rapidity. It may, how- 
ever, have been in considerable part accomplished by ordinary stream 
action, as is shown by the persistence of many ancient valleys in those 
parts of the cape district underlain by these deposits. It is, however, 
difficult to believe that this stream erosion took place under the present 
conditions of climate and geography, for the reason that the beds of 
these ancient water ways are no longer occupied by streams, except, 
perhaps, on the rare occasions when, on a frozen earth, melted snow or 
rain is deprived of its usual exit by percolating into the porous under- 
lying sands. The absence of water in these channels is probably to be 
attributed in part to the fact that they hdve been greatly shortened by 
the cutting away of their headwaters, so that the water now flowing 
seaward in their drainage is less in amount than of old, being no 
longer more than can pass through the interstices of the sands, through 
which it more readily finds a passage because the way to the sea is not 
so long as of old. It is probable, however, that the amount of the rain- 
fall has in geologically modern times diminished in this region, as else- 
where on this and other continents, so that the capillary channels are 
able to afford storage and passage to all the precipitation. It may be 
observed that in times of any great rainfall sandy plains occasionally 
for a short time develop superficial streams, the water quickly ceasing 
to flow when the precipitation stops. 

The rate of the erosion of the Truro beds wherever they are assailed 
by either marine or fluviatile agents is made the greater by the fact 
that the beds are destitute of coarse debris, which, in the case of the 
till, brings about the formation of a more or less effective revetment 
on the erosion face that hinders the action of waves or currents. 
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Moreover, the very lean nature of the soil causes the growth of vege- 
tation to bo slight iu amount, so that the protection of this sort which 
is usually so important is scanty. Thus the wearing rate on this group 
of deposits is likely to be very much greater than it is on such beds as 
form the Tertiary strata of Marthas Vineyard, frail as the latter appear 
to be. (See TI. XCYIII.) 

The most imi)ortant indication pointing to the origin of these Truro 
sands is the apparently entire absence of fossils in the section. In the 
extensive outcrops which I have inspected no trace of organic matter 
has appeared. It seems clear that the beds were laid down under con- 
ditions which were peculiarly unfavorable for the inclusion of organic 
remains, or that such remains were subjected to some process which 
utterly removed them. Although, as before noted, these beds are con- 
siderably oxidized, it can not well be believed that fossils once pres- 
ent hjive been utterly destroyed. The Tertiary sands of Virginia and 
elsewhere are equally affected by decay, yet the mulluscan remains 
are fairly well preserved. Assuming, then, that these beds were origi- 
nally formed without organic remains, the probability is fairly estab- 
lished that their materials were brought into the sea by glacial action. 
In no other way does it seem possible to account for the formation and 
deposition of such a mass in a marine or lacustrine area. It is to be said 
that this view has its difficulties, among which we may reckon the 
apparent absence, as before noted, of all ice-rafted blocks in the beds 
and the lack of clay in the greater part of the section. 

Taken in connection with the seemingly nonfossiliferous clays of 
the Barnstable series, the Truro beds may perhaps be regarded as a 
stage in one of the several cycles of a glacial period. It is a well- 
recognized fact that the glacial flour or fine d^^bris, which in the ordi- 
nary course of glaciation constitutes the larger part of the detritus 
that is formed, is normally carried much farther away from the front of 
the sheet than the sand, and that this in time goes farther than the 
pebbly matter. We may thus reckon that the Barnstable clays are 
the outer or relatively remote accumulations of an ordinary glacier, 
and that the Truro sands were laid down when the ice front was nearer 
the present shore line. If this view be accepted, we must then sup- 
pose that in the ice epoch which brought about the formation of this 
series — probably not the last Glacial epoch — the glacial sheet did not 
quite attain to this field, and that the land lay at a lower level than it 
does at present. As is clearly indicated by the extensive erosion which 
followed this period of deposition — erosion in which the glacier appears 
to have had no part — the time intervening between the formation of 
the Truro beds and the advance of the ice sheet which deposited the 
till, moraines, kames, etc., of the district must have been great. It was 
assuredly many times as great as that which has elapsed since the last 
of the ice sheets left the field. 

Although the matter has been before stated in a fragmentary manner^ 
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it may be well again to call attention to the accumulation of evidence 
which exists in this field going to show the very great length of the 
time which has elapsed since the close of the Pliocene. In this inter- 
val there were evidently three distinct periods of erosion, each of long 
duration, and an equal or greater number of widely varying changes 
in the position of the land in relation to the sea. As measured against 
the geological work which was done in these periods, that brought about 
since the close of the last ice advance is relatively of little account, 
being limited to slight changes of level and to a small amount of marine 
cutting, the subaerial wearing being quite insignificant, perhaps not 
the one-hundredth part of what was done in the earlier stages of the 
so-called post-Tertiary. It thus seems that, basing the measure on a 
vaguely assumed rate in the alteration of organic forms, we have most 
likely much underestimated the duration of this division of the earth's 
history. 

CONDITION OF THE DISTRICT AT THE BEGIISTNIN^G OF 

THE liAST GI/ACIAIi EPOCH. 

The conditions of height and shape of the land in this area immedi- 
ately before the advent of the ice of the last Glacial epoch appear to 
be approximately determinable. It is tolerably evident that the land 
lay at a higher level in relation to the plane of the ocean than it does 
at ijresent. This is indicated by the existence of the flooded drainage 
basins, which have been already in part described. These drowned 
valleys include not only the greater basins of Cape Cod Bay, Nan- 
tucket and Vineyard sounds, and Buzzards Bay, but many of the 
divisions or branches of these wide valleys where the streams tributary 
to the efi'aced rivers now enter the sea. Thus, on the islands of the 
south as well as on the mainland all the valleys which are now or have 
been in former times the seats of streams are Hooded at their mouths. 

On the north shore of Cape Cod we find a number of pre-Glacial 
channels which slope toward the bay of that name, and which evi- 
dently were at the time of their excavation the beds of streams dis- 
charging into a river that flowed northwardly to the shore line, which 
was farther out seaward than at present. These old valleys may be 
traced from Duxbury to the northern part of Truro. They point toward 
the central portion of the submerged trough in a normal and most sug- 
gestive manner. On the body of the cape these channels are generally 
much occluded by the deposits of glacial drift. They are to a consider- 
able extent deformed by the scouring action of the streams which flowed 
beneath the ice sheet while it lay over the country. 

The first of these channels of Cape Cod to be noted is that of Monu- 
ment Eiver, which now is a tidal stream discharging into Buzzards 
Bay. As it is clogged at its northern end by drift, it appears as a 
tributary of the ancient stream which occupied the valley of Buzzards 



B. BUUFFS OF T 



SHAuiB.] TRANSVERSE VALLEYS. 549 

Bay. The form of the trough, which distinctly widens to the north- 
ward, suggests that it originally flowed into Gape God Bay, and that 
the ridge which originally parted it from the waters of the south was 
cut through by a torrent which flowed through this depression in the 
time when the basin to the north .was occupied by the glacier. East- 
ward along the north shore of Yarmouth the streams appear to have 
been short and to have drained north and south from the highland now 
covered by the moraine, and which is locally known as the " Backbone 
of the Cape.'' The valleys of these streams draining northward are 
now but faintly traceable in the confusion of the morainal drift. On 
the south side of the ridge the valleys are to a great extent lowered 
beneath the frontal aprons of stratified materials, yet they may be 
indistinctly and in a general way traced by the depression in which lie 
the lakes and the streams which drain them. 

At Bass Biver we have another instance in which apre-Glacial valley 
(or valleys) has been enlarged and deepened by a current from the 
gla(;ier. At this point there seems originally to have been two streams, 
one flowing northward, the other southward. The subglacial stream 
cut through the ridge between them, converting the trough into a broad 
way, which practically divides the cape, so that a trifling expenditure 
would suffice to make a water way from the north to the south side of 
the peninsula. 

East of Bass Eiver as far as Orleans the central ridge of the cape 
continues; the valleys become less and less blocked with till and 
morainal waste. This is especially the case on the north side, where 
the valleys in Dennis and Brewster channels, with rather obscure digi- 
tations pointing toward Gape God Bay, may be well traced. Beyond 
Orleans the ancient central watershed disappears, the sea having eaten 
into it from the east, and the larger valleys usually run across the width 
of the peninsula. This feature is best shown at Pamet River (see PI. 
GUI), where one of these depressions appears — after the manner of the 
valleys of Bass River and Monument River — to have been depressed 
and widened by a glacial stream until it completely divides the penin- 
sula, so that there is only a sand beach at the outer side to unite the 
farther part of the cape with the body of the area. There are, how- 
ever, many lesser valleys which slo^e to the northward and which seem 
essentially river ways, though they are no longer occupied by streams. 
These troughs appear to be beheaded at their upper or outer ends, 
their conditions suggesting that their headwaters lay in the lost terri- 
tory which has disappeared by recent marine erosion (see PI. Gil). In 
the account of the Truro beds it has been suggested that the former 
presence of streams on these now dry valleys may be accounted for by 
the above-suggested diminution of their drainage area, or perhaps 
in part by the diminished rainfall which appears generally to have 
attended the disappearance of the glacial sheet and which may have 
been the cause of its shrinking. 
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It is evident that the shape and size of Gape God shortly before the 
timewhen the glacier came upon it differed greatly from what we now 
find. In place of the narrow peninsula, in form like the flexed arm of 
a man, was a broad salient which extended as a connected land to 
some distance beyond the outer margins of Nantucket and Marthas 
Vineyard. At this stage the sea level probably stood about 200 feet 
lower than it does at i3resent. During the time when the ice lay over 
the district it was depressed to a level at least 100 feet below where it 
now stands. This permitted the formation of the great sand plains of 
Marthas Vineyard, Nantucket, and the cape. When the ice departed 
the land in part resumed its old height, rising a little above its 
present elevation, and then sank, as is shown by the submerged forests 
which occur from point to point along the shores. 

GliACIAIi HISTORT OF THE DISTRICT. 

It has already been noted that the deposits contained in the strata 
from the Miocene to the Truro series, inclusive, suggest the existence 
of glacial action in this part of the world at various times since the 
middle Tertiary; but unless the lower Pliocene beds of Gay Head 
attest the actual presence of ice, there is no reason to believe that it 
ever rested upon this field until the last epoch. Even in that time the 
sojourn of the glacier was evidently brief and the work which it did of 
relatively slight structural or geographical importance. It has already 
been noted that the general character of the surface had been deter- 
mined by pre-Glacial conditions The valleys and ridges existed in 
general about where we now find them, only now they are to a great 
extent filled with glacial waste. 

It seems pretty clear that immediately before the advent of the 
glacier the surface of the cape was carved into a topography such as 
is likely to be formed on clays and sands by the headwaters of streams. 
The valleys were rather deep and steep-sided. Where the clays come 
to the surface these valleys appear to have had something of the 
sharpness of the "bad-lands" topography of the western country. 
This is shown by the indented character of the old surface of the Nash- 
aquitsa beds on Marthas Vineyard, where it is revealed in the coast 
sections. It is indicated on Gape Cod by the sharp ridges of clay, the 
so-called "pounds," which occasionally appear at the surface, projecting 
through the thin envelope of drift. The generally slight value of gla- 
cial erosion in this district is best shown on the island of Marthas 
Vineyard, where, as noted in previous reports, the wearing has been so 
slight as to leave the pre Glacial topography essentially undisturbed 
except by the filling of the valleys with detritus. 

On Cape Cod the actual erosion work is little if at all greater than 
on the islands of the south except in the case of the valleys' which 
were cut through by the streams flowing from beneath the glacier or 
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under the roof of ice. Of these the most characteristic examples are 
Monament and Bass rivers. The channel of Pamet Kiver is perhaps 
another example of the same nature. 

There seems no evident reason why the subglacial streams which 
were ou their way to the open water of the ocean should have climbed 
the ridge of the cape on the south in place of turning directly to the 
east aroand its extremity, which was then some distance south of the 
site of Provincetown. In view of this departure from the most direct 
way of escape, it may be suggested that as the ice fell back to the 
northward it may for a time have inclosed a lake between its retreating 
face and the concave north shore of the cape. In this case breaches 
would naturally have been formed to permit the discharge of this 
water from the melting ice through to the sound on the south. It is, 
however, not certain that any part of the cape was above the level of 
the sea at the time when the retreat of the ice took place. The only 
strong point in favor of the view that these channels were glacial 
stream beds is the fact that they are cut down to the sea level prac- 
tically throughout their whole length, and that their forms indicate the 
passage of a current from the northward, au^ in the case of Monument 
River there is a considerable area of stratified sands near its mouth, 
on Buzzards Bay, which may well be taken as the delta formed where 
the current poured into that basin. 

DIRECTION OF THE ICE MOVEMENT. 

As the rocks of Cape Cod and the neighboring parts of southeastern 
Massachusetts are not of a nature to receive glacial scratches or 
groovings, the only indications of the direction of the ice flow are those 
afibrded by the positions of frontal moraines and the direction in 
which erratics have been transported. It should be said that the 
moraines in this section present such discrepant evidence that conclu- 
sions drawn from their positions are not trustworthy. The transported 
blocks, therefore, furnish our' only information, and this is in the main 
unsatisfactory. 

In the western section of the cape, from Monument River to Orleans, 
the common petrographic elements of the moraine and till are gran- 
itites and the dike stones associated therewith, such as are found on 
the mainland. As these rocks occur along the shore from the parallel 
of Plymouth to Gape Ann^ and may extend an indefinite distance east- 
ward along the sea bottom, no precise evidence as to the course of the ice 
is to be obtained from these fragments. Eastward from the base of the 
cape there appears to be a constant increase in the amount of rocks of 
more evidently volcanic origin, such as are found sparsely about 
Cohasset and along the north shore of Massachusetts Bay. The depos- 
its of this nature on the mainland are rather too limited to have afforded 
the large quantity of waste that appears in the cape. It seems likely 
that they have been derived from beds which lie beneath the sea. 
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So far as this evidence goes, it seems to show that the direction of the 
glacial movement on Cape God probably did not depart from the gen- 
eral trend indicated by the scratches observed at the nearest points on 
the mainland, or between north and north 30^ west. 

ENERGY OF THE ICE MOVEMENT. 

As has been already noted, the energy of the glacial erosion in this 
district appears to have been but slight. It did not suffice to wear 
away a rather delicate antecedent topography. On the western part 
of the cape the transporting power of the ice was sufficient to carry 
a great number of erratics, many of which are of large size, thousands 
of blocks each containing from 100 to 300 cubic feet being exposed on 
the surface of the principal moraine. In the period of its greatest 
extension the ice apparently passed over the ridge of the cape as far 
east as Orleans, crossed the valley of Nantucket Sound, and deposited 
on the island of Nantucket the slight morainal masses which there 
exist, and which perhaps mark the extreme advance of the ice on this 
part of the coast. 

North of Orleans and thence to the end of the cape there is no dis- 
tinct morainal accumulation, but occasional wide heaps of drift and 
the clogging of the pre-Glacial valleys show that the surface was 
traversed by the streams pouring forth from the glacier. The general 
lack of erratics other than those which may have been ice rafted, or 
of any accumulation which can be classed as a moraine, or even as 
distinct till, shows that at this point the glacier, if it actually lay on 
the surface, was probably so weak and thin that it had no longer any 
considerable abrading or transporting capacity. The conditions here 
resemble those found on the southern part of the highland of Marthas 
Vineyard, where large portions of the surface are nearly driftless. 

Although the carrying power of the ice as marked by the accumula- 
tions of erratics was not great, that of the streams which flowed from 
beneath the glacial sheet was excelled, so far as I have found in New 
England, only by those which deposited the great sand plain of Mar- 
thas Vineyard. As to the extent of the deposit, that of the cape is 
unexampled elsewhere in southern New England. The area is prob- 
ably not less than 120 square miles, but the thickness appears to be 
much less than that of the like mass in the island to the south. 

GLACIAL DEPOSITS. 

The deposits due to the direct action of the glacial sheet are the till, 
the moraines, and the washed drift accumulated in the eskers and the 
sand plains. 

The till deposits of this district are neither extensive nor character- 
istic. Along the north shore, especially the areas are immediately 
underlain by the Barnstable clays. The coating is evident, but very 
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irregular; in places it is so thick as to resemble a morainal accumnla- 
tion ; at others considerable tracts appear to be quite without the de- 
posit. Toward the eastern extremity of the cape the coating becomes 
thinner and less recognizable. Angular erratics are rare in the section 
beyond Yarmouth, and beyond Orleans few erratics greater in size than 
those termed by Chamberlin "bowlderets" are found, and these appear 
to have been conveyed by floating ice. 

Between Orleans and the northern portion of Truro the till becomes 
a mere confused mass of the materials of the local beds over which the 
ice has passed in its movement, with occasional erratics of moderate 
size which were brought from a distance. It is difl&cult to recognize it 
as a distinct element in the sections, for it is essentially wanting over 
large areas of the surface. 

The morainal deposits of the Cape Cod district, though less exten- 
sive than those found in the central parts of the continent, are by far 
the most characteristic in New England, presenting phenomena which 
are in many ways peculiar. They deserve, therefore, the detailed con- 
sideration that will here be given them. 

The moraines of southeastern Massachusetts are singularly dis- 
tributed. In southern New England they lie usually in lines which are 
evidently almost at right angles to the direction of the ice motion, and 
variations from this position can usually be explained by the topography 
of the bed rocks over which the ice moved; but in the cape district, 
including the neighboring islands and the mainland, the ridges are set 
at curious angles to one another. There the following directions may 
be noted: 

On the mainland the Plymouth moraine, which extends in a general 
southerly direction from near the harbor of that name, appears at first 
sight to be the largest, and is perhaps the most continuous, deposit of 
the kind in New England. In its northern portion, at least in Mano- 
met Hill, it is underlain by the Truro beds, which arrangement has 
given a false impression as to the depth of the glacial waste. With 
some interruptions it is continued southward to Monument Eiver, at 
the base of the cape, in an approximately meridional axis as far as 
Woods Hole, and thence, deflecting westward about 30°, it is continued 
down the Elizabeth Islands nearly to their southern extremity. 

On Marthas Vineyard there are two evident morainal belts parallel 
to that of Falmouth — one on the north side of the island, whickis char- 
acteristically developed; the other in the central section, which is 
faintly shown, but can be traced by scattered patches of bowlders. 
On Nantucket there is a small area of moraine on what is known as 
Sauls Hills, but the axis of the accumulation is not well indicated; it 
appears to be in a general east- west direction. 

On Cape Cod, occupying, as before noted, the high land formed 
by the ancient divide of the tilted series of beds, there is a morainal 
mass extending in an east-west direction from Monument Eiver to the 
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eastern part of the town of Brewster; it maybe regarded as continued 
in a slight form into the western part of Orleans. It is to be observed 
that this ridge lies at nearly a right angle to the coarse of the Fal- 
mouth moraine, with which it, in effect, coalesces at its western end. 
Although the general direction of this moraine is east and west, 
its shape is somewhat concentric, the curve being toward the south, 
the most southerly part thereof being near Bass River. It is thus evi- 
dent that there are two distinct alignments of icemorainal ridges in 
this district; the one, that which is clearest in its direction, being 
meridional in the Plymouth ridge, but deflected to a northeast-south- 
west course in its more southern elements; the other having essentially 
an east- west course. 

So far the diverse positions of the moraines in the Cape Cod dis- 
trict have been explained by the theory of lobations in the front of the 
glacier, portions of the ice sheet pushing out in broad tongues, each of 
which made its frontal wall. These walls formed successively, inter- 
secting one another in much the same manner as that of Falmouth 
intersects that of the cape. While in nowise doubting the adequacy 
of this explanation as applied to the interior districts of this country 
by Chamberlain and others, I am compelled to question its applicability 
to the field now under consideration, for the following reasons: 

The Cape Cod district comprises no strong topographical features 
which could have caused the ice sheet to flow in the directions which 
would have to be postulated if these several moraines were formed at 
right angles to the axis of movement. It is unreasonable to suppose 
that, while the general course of the ice in the neighboring interior 
district was from northwest to southeast, it should have been directly 
southward in Massachusetts and Cape Cod bays and directly to the 
east in the region about Plymouth. On the contrary, the natural con- 
ditions, so far as they can be ascertained, would have led the ice in 
these bays to flow eastward toward the open sea and not southward 
toward the high ridge of the cape. I have therefore been compelled 
to seek another explanation of the axial order of these moraines, and 
have framed what seems a plausible hypothesis to account for this 
order without having recourse to the theory of lobatiou of the ice front, 
which has its difficulties, as ju^t noted. This hypothesis is, in effect, 
that the moraines of the Cape Cod district are not of the ordinary type, 
but belpng to a hitherto unrecognized group of hilltop drift accumula- 
tions, which, though essentially morainal in their nature, were formed 
under peculiar conditions, rendering them of slight value as indices of 
the direction of the ice movement. 

It has already been incidentally noted that certain parts of the sev- 
eral moraines described in this report rest upon antecedently formed 
ridges, which, in effect, were the ancient drainage divides of the coun- 
try. Let us now examine the several deposits to determine how far 
this peculiar character is possessed by the moraines in general. Begin- 
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ning with the northernmost of these ridges, Manomet Hill, in Ply- 
mouth, it will be found that the elevation is composed mainly of strati- 
fied sands, apparently of the Truro series, as has been recently shown 
by the excavations made in lowering the grade of the State road, which 
traverses the northern end of the ridge. In other words, the mass of 
the ridge is of preGlacial age, and was probably a divide between the 
headwaters of the Buzzards Bay river and that which drained the 
basin of Cape Cod Bay. So far as can be ascertained, the same under- 
lay of sands extends beneath the rather indistinct morainal ridge that 
continues the Manomet Hill deposit southward to the base of the cape. 
These sands are not clearly seen, in sections, to pass beneath the 
morainal belt, but are exposed near by in positions which make it 
tolerably certain that they must underlie it in the manner of a pedestal, 
as in the case farther north. (See fig. 02.) 

The Falmouth continuation of the Plymouth ridge is by far the long- 
est and most united mass of morainal material yet noted in New 
England. It extends from Monument Eiver to Woods Hole without 
any breach in its distinct wall, which rises to a height of from 100 to 
200 feet above the sea level throughout its length of about IS miles. 

MANOMET HILL 
390 FT 

cci an/fa ■ i ' i .^xil^ ^"^^-^ ^ ^^s.. BARTLETT POND 

Fio. 92.— Dia^jrammatic section of Manomet Hill, Plymouth. A, glacial deposits ; B, observetl Trnro 
deposits, )00 feet; C, supposed Truro deposits, 150 feet; D, sandd and clays of uuknown age, 100 
feet ; D', supposed continnation of D beneath the hill. 

As this belt is but little traversed by roads which have been at all 
graded, and as its surface is covered by a dense tangle of scrubby 
vegetation, it is not easy to obtain sections which reveal the nature of 
the underlay. At Woods Hole and thence northward for about 4 miles 
there is abundant evidence that the moraine rests upon a ridge of older 
deposits. On the western face, nearly as far north as Gunning Point, 
the underlying clays of the older series can be traced, rising from the 
shore to the height of from 60 to 80 feet. Here and there along the 
main highway which skirts the shore to Monument Eiver the conditions 
of the soil and the level of the streams also indicate that the same 
ridge of older rocks i^ersists beneath the morainal cap, attaining per- 
haps at some points between the valleys of the brooks a height of 
more than 100 feet above the level of the tide. On the east side of the 
ridge the streams and lakes show by their levels that the ridge con- 
tinues on that side of the moraine. The facts justify the conclusion 
that the greater part of this morainal ridge rests on the summit of a 
pre-Glacial divide which separated the waters of the old Buzzards Bay 
river from that which formed the valley that is now Vineyard Sound. 
With a change of direction from north-south to northeast-southwest 
the Falmouth moraine is continued southward in the Elizabeth 
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Islands. In these isles the erratic material is in all cases but a thin 
overlay resting npon the crest of an ancient ridge cut in the Naashon 
sands, which are considered the equivalent of the Truro series. At 
no point, so far as I have observed, does the moraine appear to be 
more than 25 feet thick. In all the observed localities it evidently 
rests on the top of a divide formed before the advent of the ice, and 
it is lacking over large areas, where the stratified sands appear with 
only occasional bowlders resting upon the surface. Of the mass of 
material composing the Elizabeth Islands above the plane of the sea, 
certainly not a tenth, and perhaps not a twentieth, part is of morainal 
nature. The rest may be of glacial origin, but if so, it was deposited 
far in advance of the ice and long before the advent of the glacier in 
this part of the field. 

On Marthas Vineyard the main or northern moraine appears at first 
sight — and even after some inspection— rto be made up of bowldery 
material, but on careful investigation I have found that it is a pre-Gla- 
cial ridge, the pedestal being formed of a stream divide cut in the 
Cretaceous and Tertiary strata. On account of the misleading appear- 
ance of the ground, I was led, in my report on this island,^ much to 
overestimate the depth of this glacial wall. It has not half the mass 
stated in that report. It is doubtful if the average depth of the deposit 
exceeds 40 feet. The ridge occupied by the moraine is not completely 
covered with the deposit. For considerable distances the top of the 
elevation is essentially without materials which, from their character 
or distribution, may be classed as truly morainal. At other points, 
especially in the middle portion of the belt, on the estate known as 
"Seven Gates," the deposit constitutes a very characteristic morainal 
belt, with numerous large kettle holes and with bowlders in such 
abundance that the masses appear like ruined cyclopean masonry. 
The southernmost moraine of the island also occupies the summit of a 
divide, but the erratic element is small in amount and only here and 
there assumes a morainal character. 

In the territory between the two moraines of Marthas Vineyard there 
are, as before noted, many fields which are so far jfree from glacial 
waste that they may fairly be termed driftless. It is not easy to fiud 
any material on them that may be classed even as till. Rarely is there 
a foot, in depth, of this deposit. This driftless character of surface is 
so complete that the plowshare will turn up Tertiary or Cretaceous 
beds containing no trace of erratics. Fields of this driftless soil some 
acres in extent lie within 2,000 feet of the wall front moraines. On 
the north side of the principal moraine the same phenomenon of nearly 
driftless fields is observable, but in a less distinct manner. The areas 
without erratics are small, and those which are quite without till are at 
no point, so far as I have observed, more than an acre or two in extent. 
They occur at the foot of the slope on which the moraine lies, usually 
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quite near the sea level. This feature of small driftless areas over 
whicb the moraiual matter must have passed ou its way to the glacial 
front indicates that the conditions which determined the deposition of 
the detritus were peculiar. 

There is another peculiarity of the Marthas Yineyard moraines which 
appears to throw some light on the condition s of their formation. While 
commonly the ridge of detrital material is placed on the very crest of a 
divide, adding distinctly to its height, it not Infrequently is deposited 
as a sheet ou the southerly or outer face (outer in relation to the gla- 
cial movement) of the ridge on which it was formed. The effect is as 
if the materials had been pushed up the northern slope and had fallen 
into the attitude in which they are found. 

In the case of the Cape God moraine the evidence is sufficient to 
show that the mass occupies the considerably elevated surface of a 
ridge which was formed before the advent of the ice. This ridge con- 
tinues with no complete interruption from the base of the cape to 
Orleans, except for the rather deep and wide break at Bass River. So 
far as I have been able to determine, the moraine is gathered mainly 
on the southern side of this ancient divide, though it generally rises 
somewhat above the crest line. The feature noted on Marthas Vine- 
yard, of considerable areas of the more ancient deposits without glacial 
waste, is noticeable to the north of this moraine, bat is less extensively 
developed than on that island. 

On I^antucket the moraine appears to crown the summit of an eleva- 
tion composed of the Saukaty beds, which probably belong to a time 
immediately preceding the deposition of the Nashaquitsa series. The 
conditions are not clearly indicated, but there is little reason to doubt 
that this relatively unimportant accumulation is placed as are the 
others above noted. 

The facts above described warrant the statement that all the charac- 
teristic morainal accumulations of this district are placed in singularly 
close relations to the crests of ridges which existed before the ice sheet 
invaded this district. The few apparent exceptions prove'on examina- 
tion really to be not such. Of these the most striking is the case of 
the northern moraine of Marthas Vineyard, where the bowldery deposit 
descends into a valley about the headwaters of Witch Brook. In this 
relatively low place, which still is about 70 feet above the sea, the 
moraine becomes somewhat scattered. It is, in effect, a rather flat, very 
stony field, in place of the well-deflned accumulation exhibited on the 
higher ground on either side. So, too, the same morainal, detached 
hills which lie here and there on the north slope of Gape God and 
Marthas Vineyard appear on inspection to be small elevations of the 
Barnstable series, which bear some coarse drift or else masses dropped 
from a stranded iceberg. 

The relations of the moraines in this district can not be explained on 
the supposition that these deposits are revealed only on the highlands, 
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being elsewhere covered by later accumnlatioiis of washed sands. This 
suggestion would not be entertained for a moment by any student of 
the district who approached the problem without a decided precon- 
ception; although, as I know from experience in making the exami- 
nation, it requires rather careful observation to avoid the mistake of 
supposing that the whole mass of these several ridges is of a morainal 
nature. 

So far as I am aware, none of the moraines of the central and west- 
ern portions of the country are placed on the crests of divider in the 
manner shown to be the rule in this shore-land district; nor am I aware 
that any of the accumulations in the interior parts of New England 
occupy the crests of ridges, except when their bases may accidentally 
coincide with those elevations. It therefore may be fairly assumed 
that there has been some peculiarity in the condition of the glacier in 
this i>art of the country which has serveil to bring about the curious 
result. I have not been able to determine the precise cause of this 
occupation of the preexisting divides by glaciers, but the possible 
explanations appear to be but two, and these will be briefly stated. 

The first hypothesis is that the ridges may have served in forming a 
moraine by arresting the flow of the ice, already languid in its move- 
ment, for the reason that it had become attenuated at its margin. 
Hanging on these crests its front may have been retained in one posi- 
tion for a considerable time, which permitted the accumulation of the 
morainal deposit. The difSculty with this view is that it does not ex- 
plain the absence of drift in the fields near the well-developed morainal 
lines. The second hypothesis is that, the region being depressed be- 
neath the sea to a considerable but unknown depth, the ice, while 
remaining as a united sheet, may have floated over the valleys, ground- 
ing only upon the ridges and there depositing its contents of rock 
material. The portion of the ice which was shoved over the crest was 
probably broken into fragments which floated away. This hypothesis 
will explain the absence of till on much of the lowlands where, had the 
ice rested on the surface while it melted, it should remain to mark the 
decay of the sheet. 

The hypothesis of the partial floating of the attenuated ice sheet 
finds a certain amount of support in the evidence which goes to show 
a considerable subsidence during the period of formation of the sand 
plain in front of the moraines. As I have elsewhere shown, these 
X)lains were certainly formed under water while the land lay at least 
100 feet lower than its present level, and the actual depth of the sub- 
mergence may have been much greater than the minimum required for 
the construction of the plains. The hypothesis will perhaps serve to 
explain also the departure of the Cape Cod moraine from the normal 
direction. As before remarked, it is very difficult to see how a glacier 
moving under ordinary conditions would have a path parallel to the 
shore; but if the sheet be conceived as floating in the sea, though its 
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course might be generally eastward, its margin might be pressed con- 
tinuoasly or from time to time against the submerged ridge on the south, 
on which would be dropped, as the ice sheet shattered or broke up into 
bergs, a portion of the contained debris. The main objection to this 
hypothesis is that evidence as to the actual floating of the ice over the 
valleys is lacking; yet it demands only conditions which must exist 
wherever a glacial sheet enters the sea, pushing out into water so deep 
that the mass leaves the lower-lying parts of the bottom. Somewhat 
in its favor is the fact that over the nearly driftless fields near the 
Marthas Vineyard moraine occasional large solitary erratics are found, 
and sometimes heaps of coarse debris in positions which suggest that 
the materials hdve fallen from the base of a floating glacier or from an 
iceberg. 

It must be confessed that both hypotheses present serious difficul- 
ties; but in view of all the facts, the one last stated is more satisfac- 
tory than that of marginal lobes producing interlocking moraines — a 
hypothesis which does not seem applicable to this field. 

RELATIVE AGE OF THE MORAINES. 

The relative age of the moraines in this district affords an interest- 
ing field for inquiry. The only criterion which appears to be accessible 
is that which may be derived from the comparative amount of decay 
of rocks of apparently the same measure of resistance to such change. 
Judged by this test, the moraine of Cape Cod is to be regarded as 
rather newer than that on Marthas Vineyard; the bowlders of like 
petrographical species are less broken up, and interstitial decay has 
penetrated to a much less depth. These determinations are based on 
mere inspection, but the impression thus obtained by many successive 
visits to each field at short intervals is clear. 

Much evidence as to the petrographical nature of the hidden rocks of 
southeastern Massachusetts and the neighboring sea bottom can doubt- 
less be obtained from a careful study of the materials in these moraines. 
This task has not been formally undertaken in the preparation of this 
report, but incidentally certain points have been noted, of which only 
one need be mentioned here, viz: On Marthas Vineyard the drift 
abounds, in a remarkable manner, in masses of chalcedony, some of 
which are a foot or more in diameter. The pebbles are so numerous 
that many tons could be gathered on a mile of beach on the north 
shore of the island. This material is not found on the mainland, nor is 
it known on the moraine of Cape Cod. It is therefore probable that it 
was riven from the area now covered by the sea. 

CLAY BOWLDERS IN TILL. 

The till of Cape Cod, especially where it occurs in the moraines, or 
has a morainal aspect, occasionally contains large masses of clay which 
evidently were brought to their resting places in the manner of other 
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erratics. These masses can be found scantily at several places on the 
cape. They were most clearly shown iu«an artificial escarpment which 
for some years existed near the steamboat wharf at Woods Hole, the 
site of which is now occupied by the Nobska House. In the excavation 
of a low drumloid hill which existed at the place just mentioned, a 
dozen or more of these clay bowlders, varying in diameter from a few 
inches to 6 feet, were noted by me in the course of three or four visits 
to the locality. Traces of the same bowlders have been seen on the 
northern slope of the cape and in the district about "Quisset^ Harbor. 
As such bowlders have not been found on Marthas Vineyard in the 
numerous sections of similar drift materials, it is desirable to seek an 
explanation of the peculiar limitation of their occurrence. These con- 
ditioiis seem to have been as follows : 

The clay of which these bowlders was formed was of a tenacious, 
uniform quality. Although much oxidized, it was seen to be of the 
same general character as that found in the brick-clay pits of the region 
about Forth Barnstable. That the clay was rather soft when it was 
moved is indicated by the fact that the surfaces of the masses were 
crowded with pebbles, in the manner in which lumps of clay, made by 
the waves on the seashore from the waste of clay cliffs, are coated with 
a layer of pebbles which have been pressed into the mass. As tbe 
glacier evidently slipped over the surface of such clays wherever that 
surface was of a continuously sloping form, as it dow is on the northern 
versant of the cape, it seems likely that these bowlders were riven 
from areas where the ground was cut into deep ravines after the man- 
ner of the so-called bad-land topography — conditions which would favor 
the formation of erratics. That such irregularities existed in the cape 
area is suflSciently shown by the irregular "noses" or projections of 
clay — the so-called clay "pounds" which have been dug into here and 
there to obtain materials for bettering the sand roads of the district. 
So far as I am aware, clay bowlders as large as those at Woods Hole 
have not been found in other regions. Their rare occurrence is per- 
haps attributable in part to the fact that a deeply indented topo- 
graphy, formed in soft clays, has rarely been so eroded by an ice sheet. 
(See PI. XCIX.) 

LENTICULAR HILLS. 

The class of drift deposits known as lenticular hills or drumlins is 
practically wanting in the southeastern portion of Massachusetts. 
There are no instances in which elongated arches of till are sufficiently 
well developed to merit a place in this group. Here and there, how- 
ever, are morainal hills which show distinct traces of the action which 
gives rise to. these regular forms. The ridges north of Woods Hole, 
between that village and Quamquisset Harbor, closely approach in 
shape what would be termed drumlins of the lowest order if they lay 
in the central part of Massachusetts. So, too, on the north side of the 
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cape, some of the drift hills in the town of Bourne show traces of a like 
regularity of outline. On Marthas Vineyard several of the morainal 
ridges in West Tisbury and Chilmark, especially that known as Pros- 
pect Hill, are distinctly of a drumloid form. 

The arched hills of the cape district are, so far as I have observed, 
limited to the higher ground, and they approach more closely a sym- 
metrical form as the altitude above sea level increases. This is not 
the case in the more northern parts of the coast of Massachusetts, 
for about Boston Harbor and in Ipswich very perfect specimens of the 
type are formed rising from the sea level. In any discussion as to the 
origin of these curious topographical forms this peculiarity of their 
distribution must be considered. 

It is noteworthy that in this district the drift hills are more shapely 
on the side against which tbe ice moved than on that which was turned 
away from the stream, and also that the ridges of the pre-Glacial topog- 
raphy cut in the sands, gravels, and clays of the Cretaceous, Miocene, 
and Pleistocene formatitms have been in many cases rounded into 
drumloid forms. This is particularly the case on the western side 
of Marthas Vineyard, though instances of the same nature exist on 
the central and western parts of Cape Ood. Some of the hills near the 
Chatham Harbor margin of the Truro beds have a distinctly drumloid 
outline. (See PL XCIX.) These facts clearly point to the conclusion 
that whatever may have been the cause which led to the local deposi- 
tion of the deep sections of till composing characteristic drumlins, the 
fijial shaping of these forms was due to the action of the ice as it 
passed over them. 

WASHED DRIFT. 

In this field, as elsewhere in !N^ew England, the washed drift may 
be divided into three tolerably distinguishable groups: eskers (nearly 
absent here), pitted plains or kames (rare), and sand plains or morainal 
aprons. It is to be noted that the materials composing these deposits 
differ less from those of the ordinary till than is usual in the more 
northern parts of Massachusetts. Here the till itself is always very 
sandy, its pebbles are much rounded, and the clay element, as com- 
pared with the more northern localities, is relatively small in quantity. 
This feature is probably due to the diminished cutting i)ower of the 
glacier on its outer margin and to the extent to which its detritus was 
worked over by the water which flowed beneath the ice on its way to 
the front of the sheet. The result of these actions was to diminish the 
total amount of the till and to make the remaining portion much sandier 
here than elsewhere. As a consequence of this, it is often difficult to 
distinguish between the drift which has been deposited in water and 
that which has been left upon the surface by the melting of the ice in 
which it was contained. 

One of the eminent peculiarities of this district is the general absence 
18 GEOL, PT 2 36 
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of eskers. So far 1 have not been able to find any characteristic 
examples of these strnctares on Cape God. In the region from Bass 
Kiver to Orleans there are certain ridges extending in a north-south 
direction which may possibly belong to this group of deposits, but I 
suspect that they are the remains of the ancient topography cut in 
sands of the Truro series. I am the more inclined to this view for the 
reason that the one ridge on Marthas Vineyard which I identified in 
my report on that island as an esker has since been proved by a sec- 
tion to be an old pre-Glacial feature, slightly modified by a coating of 
washed drift or very sandy till. 

The probable absence in this field of eskers of the molds of the cav- 
erns in which fio wed the subglacial streams goes to support the hypothe- 
sis that the ice in this section did not generally rest upon the surface, 
but came in contact with it only on the higher parts of the ground. 
Thus floating, there would be no chance for the development of the ice- 
roofed channels, the shapes of which became elsewhere molded in the 
debris with which they were in time filled. As these eskers descend to 
the level of the sea in the district about Boston, and are found in the 
region north of a line stretching from Boston to Narragansett Bay, it 
may, perhaps, be inferred that the conditions which are indicated in the 
Cape Cod district were of a rather local nature. 

Pitted plains of the type so common in the districts where eskers 
exist are not often found on Cape Cod or in the islands to the south. 
The only good examples are on the frontal apron south of the moraine, 
where ice remnants, icebergs, or ground ice left by the retreating glacier 
appear to have been partly buried in rapidly accumulating sands, 
leaving where they melted depressions to indicate the positions they 
occupied. A trace of the same action is found in the central part of 
the great plains of Marthas Vineyard, where the occurrence of a small 
lake with steep sides can be accounted for only on the supposition that 
its site marks the place where a stranded iceberg was buried in the 
accumulation of sands which constitute the mass of the morainal apron. 

An ordinary type of kame deposits, consisting of a number of hill- 
ocks of arched form huddled together quite without definite arrange- 
ment, a type very common in the town of Plymouth, appears to be lack- 
ing in the cape and islands. This peculiar local topography of the 
washed drift can most readily be explained by supposing that when the 
ice came to the point where it ceased to rest in the bed rock and began 
to float, its under surface would for a time retain the form impressed 
upon it by the contours of the surface over which i t had flowed. There 
would thus come to be a space between the base of the rotting ice and 
the sea bottom into which the debris coming from the land would nat- 
urally be crowded. If the ice had much movement the resulting shapes 
of the drift would of course be destroyed, but at a late stage in the 
retreat of the glacier its stagnation might be so far complete as to leave 
the molded sands and gravels as we find them. The occurrence of this 
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remarkable kame topography on the mainland and its absence on the 
neighboring peninsula and islands is what we should expect on the 
hypothesis that the ice was in part afloat in this portion of the field it 
occupied. 

The characteristic form of washed drift occurring on Cape Cod aud 
the neighboring islands is the deposit of sand and gravel laid down in 
front of the moraines. These deposits are more extensive in this dis- 
trict than in any other known to me except, perhaps, on Long Island, 
Xew York. It is to be noted that these great moraiual aprons differ in 
certain ways from the sand plains of the mainland. On that field the 
plains are in most cases at the end of distinct eskers, and clearly mark 
the places where a subglacial stream passed into the open air or open 
water. They are rarely, if ever, distinctly related to the axis of defined 
morainal ridges, though we often find bo wldery tracts at about the point 
where the esker passes into the plain. In these morainal aprons of the 
cai)e district, on the contrary, there are no eskers leading to them, but 
the broad field of sand extends up to or near the wall of coarse debris. 
Kext this wall there is commonly a shallow, wide depression, from 
which the apron rises to a point somewhere about a mile away, whence 
it declines to the sea. Such is the form of the great plains of Marthas 
Vineyard and Nantucket. In Cape Cod the depression or ditch is li^ss 
distinct; it will, however, be remarked by an observer who has noted 
the feature elsewhere. 

While the ordinary sand plains have their •'feeding" eskers — molds 
of the channels through which the d<§bris came — those that front the 
great moraines of the cape lack these features. Here and there are 
breaches or low x)laces in the morainal walls through which currents of 
water appear to have Avowed, as is shown by the signs of erosion in the 
channels in front of these breaches. The plain exhibits broad, irregular 
channels which lead down to the sea. These scour ways do not appear 
to have been at any time occupied by open-air streams, but rather to 
have been excavated on a water-covered surface. This feature, like 
the ditch in front of the moraine, is less distinct in Cape Cod than on 
the neighboring islands, yet it is disclosed to close inspection and 
partly indicated on the topographical map. In reports on the geology 
of Marthas Vineyard^ and on the geology of Nantucket '^ 1 have given 
in some detail an account of the characteristics of the plains that lie in 
front of the moraines on those islands. The like deposit on Cape Cod 
differs from those noted in the papers referred to in that it is ruder in 
form, that it has numerous considerable lakes on its surface, and that 
the scour ways are generally occupied by brooks. 

The peculiarities of the morainal apron on Cape Cod, taken along 
with the evidence of beds of clay apparently belonging to the Barnstable 
series, lead to the conclusion that in place of the very deep deposit 

1 Seventh Ann. Kept., XJ. S. GeoL Sarvey, 1885-86, p. 316. 
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of sand which exists beneath the plain on the above-named islands we 
have a relatively thin layer of detritus imposed upon a preexisting 
topography which is cut in rather impervious beds. The numerous 
swamps and lakes, as before remarked, so high above the sea that their 
waters could not be retained by sand barriers, are probably to be in 
part accounted for by the supposition that they lie in valleys which 
originally drained northward, as appears to have been the case with 
nearly or quite all of the pre-Glacial streams of the cape. These streams 
were dammed by the moraine. In perhaps larger measure, however, 
these basins are to be regarded as the molds of ice remnants about 
which the washed sands were gathered. That such was the case is 
shown by the fact that the sides of the depressions are usually very 
steep, the detritus having slopes which it could not have assumed at 
the time of its deposition unless there had been some barrier, such as 
the walls of ice would have supplied, to keep it from being conveyed 
into the cavity. 

The contours of the great plains of Cape Cod, like those on the islands, 
clearly indicate that the material was deposited under water. In aerial 
overwash plains, formed as detrital cones, we find necessarily a contin- 
uous down-sloping surface. In these plains in front of the glacier of 
southeastern Massachusetts the surface has the gently rolling character 
characteristic of sands that have been arranged on the bottom of a sea 
which was the seat of tolerably strong currents. The slope of the Cape 
Cod morainal apron is essentially the same as that of the similar struc- 
tures in this district, the rate of the decline to the seaward being from 
12 to 15 feet to the mile. 

The surface of the plain of Cape Cod is prevailingly composed of 
rather fine, siliceous sand. This material forms a bed having a rather 
remarkably even thickness of from a foot to 18 inches. This usually 
passes downward by a rather sharp transition into a pebbly layer in 
which the pebbles are from the smallest sizes up to that of a cricket 
ball, though rarely so large. At greater depths the admixture of sand 
and pebbles is rather uniform, the mass having obscure stratification. 
Now and then a bowlder is found. These bowlders are almost always 
rounded and rarely exceed 2 feet in diameter; they are often found in 
groups associated with gravel, and they occasionally occur on the sur- 
face. Such stratification as is exhibited is not distinctly cross bedded. 
In these, as in most other features, except the presence of numerous 
lakes, the cape plain in no way differs from the like structures in the 
other parts of the district. 

In considering the origin of these morainal aprons of southeastern 
New England, the fact should be noted that deposits of like nature do 
not, so far as I am aware, exist in front of the moraines in the interior 
of the country. There are there, it is true, traces of overwash plains, 
but they are always much less continuous; they have, in a word, more 
of the nature of detrital cones. Those I have seen in Ohio, Michigan, 
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aDd Wisconsin also lack the depression next the moraine, the pits occu- 
pied by lakes such as occur on Cape Cod, and the scattered bowlders 
in the mass and on the surface of the deposit. The difference between 
the structure in the two districts probably arises from the fact that 
those in southeastern Massachusetts were formed under water, while 
those in the west were deposited mainly in the air. If we suppose that 
the sea extended up to the ice front, and that the finer materials were, 
at the time of melting, given into the control of tidal currents, we can 
well conceive that the part of the debris which could be thus trans- 
ported would receive a wide distribution over the neighboring bottom; 
the floating ice would convey many bowlders from the front of the 
moraine, dropping them haphazard as they melted; the tidal currents 
would carve channels on the bottom as they cut them on any sands over 
which they may flow. In a word, the assemblage of conditions exhibited 
in the morainal aprons is more consistent with the supposition that they 
were formed on the sea floor than in any other manner. 

It will be noted that a number of the peculiar features of these 
moraines together tend to show that this district was rather deeply 
submerged at the time of their formation. I have, as yet, been able to 
find no evidence going to show whether the submergence was so deep 
as to cover the tops of the morainal walls. It may be noted, however, 
that on Marthas Vineyard the portion of the moraine which faces on 
Tisbury Eiver has no apron on its front, but rather a steep overwash 
plain or long detrital cone which terminates in a valley that may have 
carried the wash from the glacier down to the neighboring great apron. 
It thus seems probable that this portion of the morainal front lay above 
the level at which the sea was placed at the time it was formed. 

OUTER LIMITS OF THE CAPE COD ICE SHEETS. 

In view of the fact that the ice sheet on this x)ortion of the Atlantic 
cqast was evidently thin, the question arises as to its probable exten- 
sion beyond the limits to which it can be traced by the remains it has 
left upon the land. On Cape God we find in the Truro- Wellfleet dis- 
trict very slight evidence — if it be, indeed, evidence at all — that the ice 
lay upon the surface. I am quite prepared to believe that the drift in 
this area is due to the action of floating ice dropping the waste it 
carried upon the bottom. We may from the evidence fairly conclude 
that we are here near the eastward margin of the effective ice sheet. 

On the south the extension of the glacier appears to have been to 
a relatively farther point than in the east. On Xan tucket there is a 
small area of low but fairly characteristic moraine with a well-developed 
frontal apron. On the island of No Mans Land, south of Gay Head, 
we have an extensive deposit of a till-like nature, which may, however, 
be due to floating ice. On the southernmost of the Elizabeth Islands 
the glacial drift, though scanty in amount, is still sufficient to attest 
the presence of the ice in that part of the field. It thus appears that 
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the glacier probably extended its action over all the district of Cape 
God, though on the extreme soath and east the effects which it exercised 
may have been due to portions of the ice which had been broken from 
the united mass and which were floating in the open sea. It is hardly 
to be supposed that a sheet so thin as the glacier was in this part of its 
course could have held together for any considerable distance from the 
shallows, capes, and islands where we last trace it. 

In closing this portion of the report attention may be called to the 
value of the information concerning the frontal condition of the glacier 
which southeastern Massachusetts affords. In no other section of the 
country are the data for inquiry so ample — and, it must be confessed, 
so difficult to interpret. 

POST-Gl^ACIAIi DEPOSITS. 

This group of deposits includes the spits, hooks, and beaches, the 
dunes, the marine marshes, the fresh-water swamps, the soil, and, 
finally, the sea shoals. 

One of the first-named group of constructions we have in the hook 
which constitutes the whole of the area of the town of Provincetown, 
one of the finest existing examples of such forms. There is certainly 
none other of its kind in this country which so well deserves atten- 
tion. The history of this feature appears to have been in general as 
follows : 

When, after the disturbances of level which attended the last Glacial 
epoch, the land of Cape Cod came to its present apparently stable 
attitude, the elevated country of Truro extended somewhat farther to 
the north and east than it does at present. As this last portion of 
the cape in the east was worn down by waves and currents in the 
manner in which the work is now going on, the debris was, in part at 
least, carried to the end of the land, there beginning the growth to the 
northwjvrd of the spit. As noted by Prof. W. M. Davis, the sea beach 
at the north end of the Truro highland marks the point where the 
encroachment of the sea was arrested by the beginning of the accu- 
mulation of sands which has extended to the village of Provincetown. 
(See PI. CII.) 

It seems likely that there was shoal water where this spit was 
formed ; before it began to form, indeed, the erosion of the northern 
face of Truro, which has just been noted, may have been part of a 
considerable wearing that had gone on before the spit had begun to 
form. There is a bit of evidence on this point drawn from the results 
of the "driven" wells sunk in the sand at Provincetown which, though 
not certain, has some value on this point. These wells, which were 
sunk to a depth of a few feet below the level of the sea, in place of 
yielding the very pure water which elsewhere has been obtained from 
such spits, have afforded a quality which, on account of the large 
amount of iron it contains, is hardly fit for use. Water of the same 
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natare is characteristic of the old sands of pre-Glacial age wherever 
they have been tapped in this part of Massachusetts, the defect being 
due to the complete oxidation of the considerable amounts of iron 
which they contain, and perhaps to other chemical changes, such as do 
not occur in the clear siliceous sand of which the spits and beaches of 
this region are made. It therefore seems probable that the water of 
the Provincetown wells is drawn, not from the beach sands, but from 
the lower-lying pre-Glacial deposits. 

The process of growth of the Provincetown hook appears to have 
been mainly by successive beaches, each formed in front of the next 
preceding, and each projecting northward somewhat beyond its pred- 
ecessor. The supply of sand seems to have *come, in part at least, 
from the wearing of the coast line of the Truro- Wellfleet district, and 
in part from the sea bottom to the eastward. There has evidently been 
a balance of actions which of late has served to urge the sand to the 
northward toward the present end of the cape. It is evident that for 
a time no distinct hook existed in the end of this spit; its form was 
somewhat like that of Monomoy, but, probably for the reason that the 
water deepened beyond the shallow on which it at first grew, the end 
near its present stage of growth turned westward to form the hook 
with which it now terminates. 

At first the Provincetown spit was evidently narrower than it is at 
present, but with the carriage of sands northward along the shore 
the water on the side of the open sea was shallowed by the forma- 
tion of a broad shelf which enabled a succession of beaches to form, 
each somewhat farther out than its predecessor, and in this manner 
the spit has been considerably widened. This process of growth 
appears not to be continuous. From time to time, with the varying 
direction and energy of the waves and of the currents which they 
induce, the beach works in, again to be built out with the resumption 
of the carriage of waste from the shore southward. 

Along with the carriage of sand by the sea there has gone a consid- 
erable movement of materials by the wind. This has taken place 
mainly in a westerly direction from the outside beaches. When the 
tide is out and the air dry, even a dioderate wind will move the finer 
parts of the material almost as easily as though it were snow, and in 
great storms quartz pebbles up to the size of peas may be observed to 
fly along at the height of some feet above the earth. As the wind loses 
a part of its speed in passing over the surface of the ground, the par- 
ticles of sand and gravel which it bears soon fall into the eddies of 
the cur^^ent, there forming the beginnings of dunes. As soon as these 
dunes form they begin to march before the wind 5 the bits slip up the 
exposed side and pass over the crest into the sheltered sea, where they 
remain at rest until the whole mass has been shifted forward in the 
same manner. In this way, by the process of constantly moving the 
windward layer to the leeward side, the dune slowly marches inland. 
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Various influences tend temporarily to arrest the march of these Prov- 
incetown dunes, as they do all such masses of wind-blown sand. As 
the bits journey they decay, so that they naturally cement together. 
Moreover, certain species of plants, such as the beach grasses, have 
developed the capacity to grow in the arid soil of these ridges. This 
they do so effectively that their roots and leaves make a mat which 
deprives the wind of access to the heaps. 

In the present state of the Provincetown spit hook the structure 
appears, as a whole, to be in a tolerably balanced state, a condition 
into which such structures are apt to come at a certain stage of their 
growth. The cape does not appear to be extending northward, 
unless it be very slowly, the tidal currents from the bay interfering 
with this growth. The hooked extremity, which is made up of detritus 
that washed around the end of the cape, does not appear to have 
gained in extent in a material way during this century. The only 
change which menaces the established order of this unstable new land 
is the present inward movement of the beach on the eastern side, near 
Moon Pond. There we have a well recognized danger that the sea 
may break through, with tl^e result that the valuable harbor of Prov^ 
incetown would be endangered. It certainly would become shallower, 
and it might be so far changed as to lose its present great importance 
as a port of refuge. 

The erosion of the sea on the eastern face of the cape from the north- 
ern end of Truro to the central part of Eastham has provided not only 
the sand which has gone to construct the Provincetown area^ but also 
that which, moving to the southward, has built the large and beautiful 
line of barrier sand beaches that extends from opposite Chatham Center 
to the end of Monomoy Island. Although this isle is at present sepa- 
rated from the mainlstnd of the cape by a shallow water way, it is, in 
its structure, a spit of the same general character as that at Province- 
town, only less far developed. Already at its southern end it has 
begun to form the hook, which is the appropriate finish of such spits. 

The amounts of d<^bris which have gone both, ways from the ero- 
sion district of the eastern face of Cape Cod appear to be nearly 
equal. The reason why the Provincetown spit is so much longer than 
that of Monomoy is, that the greater part of the sand which moved 
southward has been used in constructing the extensive barrier beaches 
that lie on the sea side of Orleans and Chatham; for these long and 
broad walls of sand probably contain rather more material than is held 
in the much more conspicuous spit hook at Provincetown. At present 
the Monomoy spit appears to be growing more rapidly than its north- 
ern equivalent, so that in time these two geographical growths may 
become even more alike than they are at present. 

On the northern shore of Cape Cod, although there are no parts of 
the shore which are undergoing erosion, there is an interesting system 
of barrier beaches, which has been constructed since the land assumed 
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its present level in relation to the sea. The material for these beaches 
has evidently been derived from the shallow bottom of the adjacent 
bay, it being dragged in to the shore by the action of the waves. It 
will be observed that while on the eastern and southern sides of the 
cape these beaches are always drawn near the shore, so that the lagoon 
they shut in is quite narrow, those on the western and northern shores 
depart widely from the coast, so that they iuclose broad fields of water, 
such as Wellfleet Bay now presents or such as Were found at Barn- 
stable before the harbor was narrowed by the extensive growth of 
marine marshes. The reason for this more remote position of the bar- 
rier beaches in relation to the shores is, that the wat^r on the north 
side of the cape appears to have been, in the beginning of the present 
conditions, as it is at present, shallower and with a more gently declin- 
ing bottom than it had on the south. In fact, the old river basin, 
which is now Gape God Bay, had evidently a much more gradual slope 
than had the neighboring basins on the south. Thus the ancient form 
of the basin has served to qualify the shapes of the existing shores. 

On the southern side of the cape the evidence of coastal erosion is 
somewhat the same as it is on the eastern part of the area. In certain 
places along this shore there are evidences of considerable but varia- 
ble localized coastal erosion, the waste from which is distributed along 
the shore and accumulated in slight barrier beaches and hooks. Of 
these the most interesting is that known as Point Gammon, at the 
mouth of Lewis Bay. At certain places, as, for instance, at Ghatham 
lights, observations show that for a number of years the recession of 
the shore went on in a singularly rapid manner, at the rate, it is said, 
of 10 feet per annum. It is evident, however, that this was a local 
adjustment of the shore, caused, it is now asserted, by the develop- 
ment of the beach which extends to Point Gammon, and the conse- 
quent change in the distribution of the wave action. The amount of 
erosion on this southern shore has probably been but a fraction of that 
which has gone from the eastern face of the cape, where, in Truro and 
Wellfleet, an extensive salient, probably amounting in area to not less 
than 30 square miles, has been cut away to afford the debris which has 
been distributed on the beaches, spits, and hooks on the north and 
south. TOat the erosion on the eastern face of the cape diminishes in 
a westerly direction is shown by the unembarrassed outlets of the 
streams which enter the sound along this shore. If there had been 
any considerable amount of erosion here, the sands therefrom would 
have been gathered in adherent and barrier beaches and spits, such as 
exist along this coast wherever the sea has been supplied with materials 
from which to make these constructions. 

On that portion of the western face of Gape God which is bordered 
by Buzzards Bay we find but little evidence of marine erosion. There 
are a few very small spits, but no barrier beaches; in fact, there are few 
portions of the coast south of Boston which are exx)Osed to waves of 
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moilerate severity where the amount of work done by the sea is so small 
as it is here. 

This glance at the shore conditions of Cape Cod shows us that only 
a small part of its periphery indicates any considerable amount of 
wasting since the land came to its present altitude. The maximum 
recession can not well amount to more than 3 to 4 miles. This occurred 
on the eastern side of the Truro- Wellfleet coast. The next most con- 
siderable loss is on 'the section near Hyannis. The best evidence as to 
the limited amount of the loss of area is afforded by the fact that the 
extent of the cliff shores of the area is limited; even the frail materials 
of the morainal aprons have not been much cut away, as is shown by 
the fact that their slopes are, with rare exception, prolonged down to 
the level of the tide. Had they been much eroded they would face the 
shore in steep cliffs. 

Owing to a considerable local erosion which has taken place on parts 
of t4ie shore of Cape Cod, there has come to be a general opinion that 
the peninsula is in process of rapid destruction. This view appears to 
be held by many well-informed residents of the peninsula. So far is 
this view from being true that the converse may be taken as nearer 
the facts. It is altogether likely that the total area of this cape coun- 
try, including all the marshes, barriers, beaches, spits, and hooks that 
are attached thereto, is no greater than it was at the time when, by 
a final step of subsidence, it established its present relations of land 
and sea. The aggregate of this erosion is evidently much less than 
that which has taken place on the islands to the south. 

The submarine constructions which have been made by the tidal 
currents in the waters about the cape are probably, in mass, much 
greater than are those which appear above the plane of low water. 
An inspection of the Coast Survey maps discloses in the soundings a 
curious tangle of shoals, mostly ridge like in form. As before remarked, 
some of these submarine elevations are probably the divides of the 
smaller streams which intersected the floors of the valleys at the 
time thej*^ were above the sea. This is clearly the case with Stone 
Horse Shoal, and it is most likely so with the middle ground of Vine- 
yard Sound. Others, especially the group about the eastern entrance 
to Nantucket Soand and that at the north end of Muskeget Channel, 
are evidently due to the action of the strong and contending tidal cur- 
rents which sweep through these areas of sea. It may be noted here 
that the absence of any signs of marine current action on the surface 
of the land of Cape Cod or the neighboring islands and mainland above 
the level of the sand plains is tolerably good evidence to show either 
that the Glacial submergence did not extend above that level or that, 
if more deeply submerged, the ice remained on the surface until the 
land was reelevated to about its present height. 
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MARSH AND SWAMP DEPOSITS. 

The marine marshes of this district are of considerable extent within 
the limits of the cape; their area is about 11,000 acres, the greater 
portion lying on the north side of the isthmus, in the Barnstable and 
Wellfleet reentrants. On the south and west coasts they are distrib- 
uted in numerous small areas along the banks of the smaller drowned 
valleys and in the lagoons lying between the barrier sand reefs and the 
shore. As comi)ared with the similar marshes north of Boston Harbor, 
these of Cape Cod exhibit a much less energy of growth. Basins which 
there would have been occupied by completely developed deposits are 
here but imperfectly covered by tliem. The reason for this deficiency 
is not to be found in any change of species, for these' are the same 
in both districts, but probably in the fact that the amount of mud 
swept in by the tide is here very small as comx)ared with what it is 
elsewhere; the result is that the plants are ill fed and do not attain 
anything like the vigor of growth which they exhibit when tbe water 
at each flooding brings much nutritious material to the plant roots. 
Moreover, in these sanely bays the eelgrass, which is the most effect- 
ive agent in preparing the shallow water to be occupied by the marsh- 
making growth, does not do so well on the bottoms of drifting sand as 
it does on those of firmer and more supporting nature, such as are 
found to the north. 

The fresh-water swamps of Cape Cod were originally very numerous. 
Though by far the greater number of them have been draineil for use 
as cranberry plantations or converted into reservoirs to flood the vines 
in the proper season, some areas still remain in their natural state. 
In its original condition this district had a larger share of swamp 
grounds than any other equal area in this part of New England, and 
the inundated fields were more evenly distributed than elsewhere. 

The reason for the great development of swamps on Cape Cod is to 
be found in the fa^t that there is a clay underlay beneath the glacial 
sands on the greater part of the area. Thus, the plain of the morainal 
apron, which in the equivalent deposits of Matthas Vineyard and Nan- 
tucket, because it is of pure sand to a great dex)th, is almost destitute 
of swamp deposits (that of the first-named island being quite without 
swamps), is on Cape Cod beset with lakes and with swamps which have 
grown in lake basins; moreover, the ridge of the old divide on which 
the moraine rests is wide and rather flat, which favors the develop- 
ment of many areas of imperfect drainage. These c<mditions have 
served to give to this region its long-continued predominance in the 
industry of cranberry planting. There is probably no other place 
where the very peculiar conditions required for this singular form of 
agriculture have been so well assembled. 

The fresh-water swamps of this region are much better developed than 
are the marine marshes. The climate and soil are so dry that there is 
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no trace df the climbing action of the bog sponge which is so common 
in Maine and is still notable about Boston. This general dryness 
somewhat arrests the growth of the *peat deposits, but it favors that 
of many species of bushes and some trees, such as the swamp maple 
and the tupefo. The result is that a large iiart of the peaty matter of 
the bogs in this district is due to the leaves and stems of phsenoga- 
mous plants. On this account the bog soils are evidently more fertile 
than are those formed by the decay of mosses alone. It is in part to 
this cause that we must attribute the excellence of the cranberry 
plantations. 

It is a noteworthy fact that a very large proportion of the lakes in 
the cape district have escaped the action of the swamp-making agents. 
Many of thesd basins not exceeding half a mile in diameter show no 
trace of x>eaty growth about their borders. This feature is probably due 
in x)art to the very sandy character of the shores, which makes it diffi- 
cult for the mosses to become implanted there — a difficulty which is the 
greater for the reason that the range in the level of the water is very 
great. In part the hindrance arises from the considerable depth of 
many of these ponds and the steepness of their beaches, which makes 
it hard for the water lilies and rushes to take root, so that the protec- 
tion which their stems afford the shore from the assault of the waves 
is lacking. The result is that the frail beginnings of a moss plantation* 
dre likely to be broken up long before the growth has attained the 
strength which would enable it to resist the action of the waves. 

SOILS. 

The soil of the cape differs little from that of the neighboring dis- 
tricts of the mainland and the islands On tlie north shore, from the 
base of the peninsula' to Orleans, the general presence of the Barn- 
stable clays or the clayey till made therefrom causes the fields to retain 
moisture in a way they do not in the more southern and eastern sec- 
tions. On this account, rather than for any special nutritive value in 
the underlying material, the soil here is considerably better suited to 
farming than elsewhere. The vegetable matter on which the fertility 
of the earth so largely depends does not pass out by decay as speedily 
as it does in the excessively porous debris which generally underlies 
the surface in these fields. 

Owing to the exceedingly sandy nature of the till, except, as before 
remarked, where it rests upon the clays of the shore, there is little dif- 
ference between the soils formed on it and those formed on the sand 
plains lying south of the moraine; in each condition the portion of the 
earth which is mingled with decayed organic matter, i. e., the true soil, 
is rarely more than 6 inches in thickness. As the mineral matter in 
the drift beds of this region is exceedingly well adapted to afford the 
mineral elements required by vegetation, the failure of a soil to form 
is rather curious. The reason for the condition seems to be that the 
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exceedingly poroas nature of the earth affects plants injarioasly; in 
the first place by causing their roots to become very dry shortly after 
a rain, and in the second place by x)ermitting the speedy and complete 
decomposition of the decaying organic matter, so that the earth is 
without the necessary amount of humus. The validity of this hypothe- 
sis is shown by the fact that wherever we find a place in which the 
water table is retained sufficiently near the surface to x)ermit the tilled 
zone to be moistened by capillary attraction from below, there we find 
excellent ground for tillage; moreover, wherever the plan of plowing 
in green crops is followed, the results show that the soil needs only 
suitable treatment to give excellent returns. A considerable personal 
experience in tilling such soils as the sandier kinds of Cape Cod ena- 
bles me to say that where they can be irrigated and where they are 
provided with nitrogenous matter by the inexpensive plan of plowing 
in crops of peas, clover, or other leguminous plants, they can be made 
to yield profitable crops. 

It is particularly desirable to have the treatment of these soils of 
southeastern Massachusetts made the subject of a special and well- 
directed inquiry. In this district we have an aggregate area which 
may be safely reckoned at not less than 150,000 acres whereon all 
efforts at tillage have <;eased. The region was once fairly well wooded, 
but the forests have long since been cut away and their regi-owth 
is prevented by the numerous fires which sweep over them and 
which still further reduce the amount of vegetable matter in the soil. 
These fields, when unwooded, are sold, in the rare transfers which are 
effected, at from 50^ cents to about $3 an acre; in their present neg- 
lected condition they are really not worth any price. In view of their 
nearness to rail and water transportation they should invite the atten- 
tion of persons who are willing to take the pains necessary to learn 
the most economical methods of bringing them into tillage. Sixty 
years ago the swamps of this district were even more unpromising 
fields for agriculture than these sand plains and hills, yet at the pres- 
ent time, in their condition as cranberry bogs, they are worth on the 
average more than $100 an acre over and above the expense of bring- 
ing them under cultivation. 

Of the total area of Cape Cod, only about one-eighth is so occupied 
by morainal matter as to be un tillable; about another eighth is con- 
tained in the sand spits and beaches; so that three- fourths of the whole 
area is, so far as the geological conditions go, fit to be made into soil, 
and will doubtless in time be brought under cultivation. The morainal 
fields afford excellent ground for the culture of forests; several sx>ecies 
of trees do well on this bowldery earth, among which may be mentioned 
the white pine and the Scotch larch, both of which grow rapidly and 
are free from diseases. In the occasional swamps, so placed that they 
can not be used for cranberry culture, the swamp cedar, which affords 
with a rapid growth valuable timber, may be advantageously grown. 
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Perhaps the only land qaite uufit for profitable use is that of the 
washed and blown sand of the beaches and spits. In the earlier con- 
ditions of onr agricalture, lands such as those of Gape God were not 
worth attention. At the present time, with the increasing use of fertil- 
izers and irrigation, these fields are likel}'^ soon to be made productive. 
The facility with which water can be stored in the elevated lakes of 
Cape God invites the use of irrigation on much of its area. From a 
rough eye estimate (there are no maps good enough to warrant a closer 
study) I judge that not far from 10,000 acres of the peninsula could 
be effectively watered. 

HARBORS ANI> WATER WAYS. 

In the conditions of navigation down to within sixty years of the 
present time the harbors of the cape were well suited to shipping. 
Owing, however, to the fact that these havens, with the exception of 
that at Provincetown, owe their basins either to flooded valleys, such 
as Oyster Bay, or to irregularities in the morainal fields, such as Woods 
Hole, they are all rather shallow and usually are shut off from the 
sea by bars and shoals. They are, therefore, fit only for the use of 
the smaller craft. Several of the ports which once sent forth many 
commercial ships, as, for instance, Ghatham and- Barnstable, do so no 
longer. The only port of value on the peninsula is that of Province- 
town, which owes its existence to the formation of the curious beach 
hook which incloses its basin. The havens fit for use of pleasure boats 
are numerous; they are, indeed, numbered by the score. !N'o part of 
the coast south of Maine so abounds in them as does the southern 
face of the cape. In general, these basins are susceptible of much 
improvement by the use of jetties, which may confine the considerable 
tidal water which passes through their excessively wide entrances. 

More important in a general sense than the harbors of Gape God 
are the water ways which nearly traverse its width. These may be 
made passages by which vessels can avoid the dangerous voyage that 
now has to be made by all craft passing this part of the coast. A 
sailing vessel bound north or south of the cape has to reckon on an 
average of about two days' loss of time, as well as a considerable 
expense in the way of insurance, in making the voyage, at least during 
the winter half of the year. Except Gape Hatteras, there is no more 
dangerous portion of the Atlantic coast. The shipping which annually 
passes through Vineyard Sound on this voyage is said to be greater 
than that which traverses any like width of water in the world. 
From an early day there have been projects for cutting through the 
cape, making use of some one of the several channels — rivers so 
called — which nearly intersect the peninsula. Of these there are four 
which, with relatively slight expenditure as compared with other 
modern ship canals, could be opened to shipping. They are Monument 
River, Bass River, Town Gove in Orleans, and Pamet River in Truro. 
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The two last-named ways, tliougli from au engineering point of view 
most practicable, are situated so far oat on the cape that the worst 
dangers of the voyage northward woald be passed before their entrances 
were reached; they are, therefore, not worth consideration. 

The Monument Biver passage is, from the point of view of engineer- 
ing, at least as far as opening the way is concerned, a very easy work to 
construct. 1 1 has, however, the peculiar disadvantage that it opens into 
Buzzards Bay, so that vessels must determine on passing that way 
from the time they start on their course around the cape. As in good 
weather the course can be run by a sailing vessel in twelve hours from 
the anchorage ground near Nobska light, in Vineyard Sound, what 
mariners need is a way to pass from the waters of that sound directly 
into Cape Cod Bay. The only passage which will afford this is that 
by the way of Bass Eiver. This channel is, on the average, deeper 
and wider than Monument Biver, and it lies in a position where, at 
reasonable cost, vessels going northward could be provided Avith a 
safe harbor of refuge, whence, if the weather favored, they could turn 
the cape or could take the shorter artificial way. It is probable that 
the costs of these ways would not differ in any important measure. 
The distance from the western ports to Boston via Bass Biver would 
be longer by about 50 miles than by way of Monument Biver; to and 
from points north of Boston the additional distance would not be worth 
reckoning. 

A considerable disadvantage of the Monument Biver way is that 
the upper part of Buzzards Bay, owing to its land-locked and current- 
less state, often becomes thickly packed with ice, even in w inters of 
ordinar}'^ severity. On the other hand, the waters of Vineyard Sound, 
because they are the seat of strong through-running currents, are 
rarely thus embarrassed. It may be remarked that there is another 
improvement in the water ways of the cape which deserves considera- 
tion only less than a water way across the peninsula; this is, the 
passage through the morainal line to Woods Hole. At this point a 
natural breach of the moraine — one of the many which exist in the 
moraines of this district — affords a crooked and dangerous passage 
which has been much in use by vessels since the settlement of the 
country. A measure of benefit has been done to this way by dredging, 
but it remains an inadequate passage between two of the largest bays 
on our shore. If Monument Biver is to be taken as the site of the 
canal — and by a nearly common consent it appears to have been thus 
adopted — it will be more than ever necessary to provide a fit ship 
channel at Woods Hole, so that vessels may still have some choice as 
to the open route around the cape after they have entered Buzzards 
Bay. 

Whatever is done in the way of canalizing the cape, it is clearly 
important that an adequate harbor of refuge should be provided on the 
south shore, where vessels in times of severe storm may find a safe 
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anchorage. At present there is uo sach shelter fit for the use of the 
larger vessels which ply along the Atlantic coast between New Bedford 
and Provincetown. The anchorages in Vineyard Sounds with the excep- 
tion of the small havens at Woods Hole and Edgartown and tbe break- 
water at Hyannis, are all open and exposed to grave danger from the 
northeastern gales. The most available of these shelters — that at 
Vineyard Haven — is often very much crowded, so that if the outer- 
most ships should drag their anchors a great catastrophe would be 
likely to occur, in which scores of vessels might be lost. A consider- 
able number of the shipwrecks which occur where craft are on tbeir 
way around Cape God are due to the fact that there is no perfectly safe 
place in the waters of Vineyard or Nantucket sounds where they can 
await conditions of weather which make it fit to essay the passage. 

ROAD-BUII^DINTG MATERIALS. 

The condition of the highways in Cape Cod is and always has been 
bad. The sandy nature of the underlay and the prevailing lack of vege- 
table matter in the soil make this condition inevitable unless some 
method of hardening the wheel way is adopted. Of these methods 
there are four which are more or less available at vai*ious points: 
The roads may be covered with oyster shells or the shells of the 
pecten, known locally as the scallop; they may be covered from time 
to time with a coating of clay; they may be graveled; and they may be 
macadamized. 

The use of shells is in many ways to be commended where the traf- 
fic is light; but when exposed to much travel the covering is swiftly 
destroyed. Moreover, any general use of this material is impracti- 
cable on account of the limited sources of supply. The use of clay as 
a means of hardening the sands has been essayed in this district, but 
with poor results. The application on roads of ordinary use has to be 
made about once in two years, and it is so costly that in the end it is 
more expensive than it would be to construct a well-hardened way. Of 
gravel fit for road building, none is known to me except in the extreme 
western portion of the cape, and this is not of good quality. Thus 
the only satisfactory resource in this field is found in the use of broken 
stone, as in the well-known macadamized roads. 

As there are no bed rocks attainable in the cape district which can 
supply material for macadamizing, it is necessary either to import the 
broken stone from the farther parts of Plymouth or Bristol counties or 
to make use of the erratics which may be had from the moraine or from 
the old walls composed of the smaller bowlders which have been gath- 
ered from the fields of till. As far out on the peninsula as the central 
part of Orleans, and within this section southward to the border of the 
moraine, the amount of this erratic material is great. It is, indeed, suffi- 
cient for the needs of road building in this county for all the foreseeable 
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future. The supply of ''field stone," or those which may be had from 
the surface of the ground, of sizes to be used in the crusher without 
breaking with the sledge, is limited. It is not likely to serve for more 
than the needs of original construction of the roads which will have to 
be built within the next score of years. After that the resort will have 
to be the pits opened in the moraine, where usually more than half the 
mass excavated will be large bowlders needing to be blasted in order to 
be made serviceable. 

The petrographical character of the morainal erratics is good. They 
are mostly of a granite nature, with some admixture of trap]>ean rocks. 
These dike materials sensibly increase in amount as we go eastward 
along the moraine. In this direction we find a considerable amount of 
volcanic debris, mostly fragments of what seem to be indurated ash 
beds and breccias. As before remarked, the rock masses of this 
morainal accumulation are not much affected by decay. The experi- 
ments made by the Massachusetts Highway Commission in the use of 
the field stone on the cape — of which about 12 miles of way has already 
been built, a portion of it having been in use for two years or more — 
shows that this material is excellently well adapted to building roads. 
It is so slightly decayed that the amount of small fragments produced 
is not much greater than is needed in "surfacing" the roads. When 
this element is excessive an adjustment can be made by sorting the 
stone before crushing, the product of the softer kind being used in the 
lower layer of the construction. 

Boads made of the bowlders found on the cape can not be expected to 
have the endurance to traffic that is exhibited by those which have the 
covering layer composed of the harder traps, such as are found in the 
region about Boston or in. the Connecticut Valley, yet for the uses they 
have to serve in this district they will prove very good. 

The portions of the cape which are ill supplied with road building 
stones are those in the southern parts, between the western part of 
Mashpee and the eastern part of Chatham and the towns of Eastham, 
Wellfleet, Truro, and Provincetown. In the first of these districts 
beneath the morainal apron there are, as are shown by various ditches, 
extensive deposits of pebbles and bowlderets which may «aftbrd local 
sources of supply of stone to be used in the crasher. These should be 
assayed in order to avoid the great cost of hauling material from the 
source of supply in the moraine, which is distant and accessible only 
by very sandy roads. These pebbly deposits seem to lie beneath the 
beds of the channels which extend from the moraine to the shore. 
They are usually covered by a thin layer of gravelly sand. The sup- 
ply for the portion of the cape beyond Orleans will have to be brought 
by railway from the morainal district, and fortunately the railway 
extending to Provincetown brings all parts of this section within an 
average distance of about 1 mile from transportation. 

18 GEOL, PT 2 37 
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OTilGTNAJL EASTWARD EXTENSION OF CAPE COB. 

The presence of an extensive system of drowned valleys on the Cape 
Cod district, including therein the islands on the south, leads to the 
question as to the extent to which these partly submerged lands were 
originally continued to the eastward. This question can not be fuUy 
answered, but some light may be thrown upon it by the facts and con- 
siderations which are noted below. 

It is at a glance evident that the eastern side of the river valley into 
which drained the streams on the north side of the cape has been in 
part cut away. There is nothing to mark its former place except it be 
in part the shoal in which the Provincetown hook has been formed. 
This shoal is indistinctly continued northward, as is shown by the 
soundings, and the general form of the bottom of Cape Cod Bay sup- 
ports the hypothesis that the valley was continued down to the depth 
of 100 feet or more below the present level of the sea. 

On the floor of Massachusetts Bay and farther to the seaward in 
Georges Shoal, Cashes Ledge, and other less important elevations we 
have the elements of what appears to be an ancient land topography. 
It is possible to explain these features by the supposition that they are 
due to the warping of the earth or by the hypothesis that they were 
morainal in their nature, but neither of these views finds any definite 
support. Warpings of the type required to account for the facts would 
have to be of a type unknown in this part of the continent, at least in 
recent geologic periods. Moraines are contraiudicated by the slight 
erosive x>ower the ice evidently possessed and the thin character of 
the morainal accumulations on the neighboring coast. 

It might seem probable that the mountain-building actions which 
led to the extensive dislocations of the Tertiary strata in this district 
were competent to bring about the formation of such ridges as we find 
on the sea floor in this vicinity,. but the vast erosion and deposition 
which has taken place since these disturbances occurred would natu- 
rally have led to the destruction of any such reliefs had they been 
formed. Moreover, there are no indications that the stressing of these 
beds led to the building of sharp ridges, such as we find in these ledges 
and shoals. On the contrary, it is eminently probable that the region 
thus afiected lacked at the end of the process any distinct topography 
except such as was given it by subaerial erosion. 

It seems certain that the topography of the sea bottom in and to the 
east of Massachusetta Bay can not be very ancient. It evidently lies 
within the limits of the continental shelf — i. e., within the realm of ex- 
cessive sedimentation, next the shore. Beliefs of such a sharp character 
would inevitably have been covered by detritus if they had long been in 
existence. Therefore, the probability seems to be that they are a part 
of the topography which, in a semisubmerged state, is preserved in 
the Cape Cod system of drowned valleys. 
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The cause of the formation of the partly or completely submerged 
valleys of this part of the shore may perhaps be found in the extensive 
dislocation which the strata have undergone in this region. If we sup- 
pose, as we well may, that the newer deposits of this part of the coast 
were over a large area much mountain built, the result would have been 
to lift what was originally a set of level and low-lying beds to a con- 
siderable height. A topography developed on such strata would be 
sharp, and the headwaters of the streams would be at a higher level 
above the sea than would be the case in the neighboring undisturbed 
districts. The fact that like disturbances in the region lying to the west 
and south have been attended by a similar preservation of the ancient 
topography, as in Long Island and Block Island, makes this view as 
to the cause of the maintenance of the Gape God x>eninsula the more 
probable. 

In considering the conditions which have led to the formation and 
preservation of the Tertiary topography in the Gape God district, it is 
well to note the fact that the whole of this portion of the Atlantic coast 
appears to be at the present time much below the average elevation 
which it has recently had. This is shown by facts which indicate 
that the sea has not of late laid at a higher lever than about 100 feet 
above its present station, while the evidence from the submerged topog- 
raphy leads us to the conclusion that the depression below the level of 
most extreme elevations has amounted to at least 300 feet, and probably 
is much in excess of that amount. It should also be said that this sub- 
mergence is not due to local causes. It is clearly a part of the very gen- 
eral action which has included a large portion of the shores of all the 
continents. The action is manifested on the eastern coast line of North 
America, from the mouth of the Bio Grande to the circumpolar section 
of the continent. It is also to be noted on the Pacific coast within the 
same parallels. 

ABSENCE OF SHOALS IN CAPE COD BAY AND IK 

BUZZARDS BAY. 

The absence of shoals in Gape God Bay and in Buzzards Bay appar- 
ently indicates a difference in the history of these basins as compared 
with that of the depressions of Nantucket and Vineyard sounds. The 
explanation may possibly be found in the fact that the sounds, in par^i 
at least, represent a region of adjacent headwaters of several streams 
the cols of which were in the last great subsidence lowered beneath 
the sea, permitting the tidal currents freely to pass through them. 
These streams having a great erosive action on soft rocks, such as 
underlie this district, are sufftcient to account for the effacement of 
the islands which evidently lay not long ago in these waters. It may 
also be remarked that the Buzzards Bay Biver appears to have had 
a steeper drainage than the other neighboring old streams on the east, 
which may have accounted for the more complete erosion of the divides 
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between its branches. It seems, however, more likely that the presence 
of these shoals in the Nantucket and Vineyard system of sounds is 
partly to be attributed to the action of tidal currents in this field. 

SEAWARD CONTINUATION OF DROWNED VAIjIjEYS. 

The soundings given on the coast charts, where the water exceeds 
about 100 feet in depth, are not in sufficient detail to make it worth 
while to devote much labor to tracing the probable direction of the 
ancient drainage channels with a view to ascertaining how near they 
went to the margin of the continental shelf. We may, however, note 
certain of the more patent facts. 

North of Cape Cod we find a deep channel between Race Point and 
Stellwagen Bank. The water at the western end of this channel, where 
it appears to connect with the Cape Cod Bay Valley, has a depth of 
about 35 fathoms; thence it shoals seaward to about 22 fathoms; still 
farther to the east it deepens rapidly to about 50 fath9ms. The shal- 
lowest water in this channel is in the continuation of Cape Cod. Stell- 
wagen Bank has a minimum of 12 fathoms of water upon it, and not 
much more for its length of about 20 miles; then at the deep channel 
leading toward Boston Harbor the bottom suddenly declines to the 
depth of 60 fathoms. The evident suggestion is that Stellwagen Bank 
is a northward continuation of the Cape Cod divide and that Race 
. Point channel marks the position of a col on the ridge, which was some 
70 feet lower than the general surface of the water shed; and also that 
the Cape Cod Bay River joined what we may call the Boston River 
near the northern end of the above-named bank. 

North of the valley of Boston River another less distinct, unnamed 
shoal continues the line of Stellwagen Bank in such manner as to sug- 
gest that a stream corresponding in a way to that of Cape Cod Bay 
headed about Cape Ann and flowed southward, joining the Boston 
River near where that passing from the Cape Cod divides entered it, 
the united streams flowing on through the Stellwagen ridge to the sea. 
The general likeness of the outlines of these antithetic valleys, if we 
may use that name to designate basins of very like character whose 
streams flow against each other, suggests that they are carved in like 
materials, or, in other words, that the Cretaceous and Tertiary strata 
of the Cape Cod district are continued as far north at least as Cape 
Ann, though they do not appear above the surface. This proposition 
is made the more probable by the discovery by Mr. Warren Upham of 
fossils of possible Eocene or Cretaceous age in the drift materials near 
Highland light. As such remains have not been found elsewhere in 
the drift of the cape, they have probably been brought from beneath 
the level of the sea. 

Evidences derived from soundings and dredgings in the Bay of 
Maine indicate, as is well known, the existence of Tertiary and per- 
haps Cretaceous rocks, at least about the Grand Banks and Georges 
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Bank.' Tbeso and other observations indicate that the shoals to tlie 
east and north of Cape Cod are probably the remanis of ancient 
divides, and the soundings warrant, in a measure, the iuteri)retation 
of ancient river valleys, but this task will not here be further essayed. 

ORIGIN OF THE CAPE DISTRICT PIiATEAl\ 

An inspection of the contour maps will show that the pre (rlacial 
beds of the cape district, including the islands on the south, have 
their upper surftices everywhere at about the same altitude, with a 
prevailing slo])e from the western part of Marthas Vineyard, where 
they rise to about 300 feet above the sea, toward the east and north, 
declining at Boston Harbor to the sea level, near the end of Cape Cod 
to a little above that level, and at Nantucket to a height of about 50 
feet. The question arises as to the origin of this approximately plane 
surface. It may be due to either of two actions — to base-leveling or 
to the leveling action of the sea^r possibly to a complex of these 
actions. It clearly is inadmissible to suppose that the plateaulike 
surface is due to the survival of the original stratification surface, for, 
as has oft^n been noted, the area has been greatly disturbed. Against 
the supposition that the approximation to horizontality just before the 
uplift which set at work the streams that cut the valleys of the old 
rivers of this district was due to base leveling, we may note that this 
would require us to suppose a very long period in which these much- 
dislocated rocks had been slowly brought to a level by atmospheric 
agents. As we see at present on Marthas Vineyard these rocks yield 
but little to such action. The streams of to day carry away scarcely 
any mud; their effect is limited to a slight leaching action. To intro- 
duce such a base leveling period of sufficient duration would call for 
greater lengthening of the first Pliocene time than it is reasonable to 
make. 

The leveling of this district by the action of the sea might have 
been accomplished in a relatively short time. The present rate of 
retreat of the southern shore of Marthas Vineyard is, as before noted, 
about 3 feet per year; at this rate the sea would occupy 2,000 years in 
wearing a mile into the land. The width of this tableland, including 
the submerged portion, being assumed at 50 miles, the leveling process 
would have required about 100,000 years. Great as this time is, 
it is probably much less than would have been required to eftect the 
same result by the base-leveling process alone. Here, as elsewhere 
along coast lines, it is likely that these two actions cooperated, the 
streams carrying away what they were enabled to and the waves 
removing the portion of the material which was not thus taken to the 
sea. It is not likely, however, that the time occupied in the work could 
have been much less than that above suggested. Here, again, we 
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enconnter 1«h6 perplexing difficulty that the history of the beds of the 
successive epochs in this area requires us to 8upi>ose a lapse of time 
since the close of the Tertiary period much greater than is commonly* 
assumed to have occurred. 

POSITIOIf AND CHARACTER OF DIVIDES. 

The position of the several divides which mark the limits of the 
ancient partly drowned valleys of the Gape God district is such as 
would be expected in case the topography of the region had been devel- 
oped when the surface of the country was at least 200 feet higher than 
it is at present. The most continuous of these crests is that of the cape 
itself, extending from the town of Plymouth eastward to Chatham and 
thence northward to the sand spit which terminates the cape. This 
divide may have been continued somewhat farther to the east, as will 
be noted hereafter. The arrangement of the valleys of the headwater 
streams in this section suggests their former union in two or more val- 
leys, which declined to the north and south. North of the elbow of the 
cape to the Provincetown sand spit the incutting of the sea appears to 
have destroyed the original crest of the divide, leaving only the slope 
of the ridge which drained into the Gape God Bay river. 

The divide which separates the water of the last-named stream from 
the upper tributaries of the Buzzards Bay river is still traceable in the 
long ridge which stretches in an interrupted manner from Monument 
Biver to the neighborhood of Plymouth Harbor, terminating in Mano- 
met Hill. It is, indeed, impossible to account for the very peculiar 
shape of the ground in this district without supposing that it is due to 
the interlacing of the headwaters of adjacent but oppositely flowing 
streams. This western divide of the Buzzards Bay valley is continued 
southward in the united ridge on which the Falmouth moraine lies as 
far south as Woods Hole. From the harbor of Woods Hole the same 
divide is shown in a less united form by the line of the Elizabeth 
Islands to and including the island of Guttyhunk. 

On the south of Vineyard Sound we have in Marthas Vineyard the 
remains of the other crest of the valley of which the Elizabeth Islands 
form the other divide. This crest constitutes the northern range of 
hills of Marthas Vineyard, extending as far east as Vineyard Haven. 
The central and southern parts of the highlands of the island are on 
the headwaters of streams which seem originally to have flowed into 
the Muskeget River valley. 

The island of Kantucket appears to be the remnant of several obscure 
divides, but the greater part of what is left above water is on the slope 
of the drainage toward the Muskeget and the Monomoy rivers. As will 
readily be seen, the directions of the ancient rivers in this portion of 
the district are by no means clear. This obscurity is mainly due to the 
extensive erosion by tidal currents which has taken place in this part 
of the field. 
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It is to be noted that the decline in the altitude of the principal 
divide of this district, that which extends from Plymouth Harbor to 
the extremity of the Elizabeth Islands — a distance of aboat 45 miles — 
is relatively steep, being from a height of about 300 feet to that of 
about 100 feet above the sea, or an average of about 5 feet per mile. 
In view of the considerable width of the valleys in this region, this 
decline must be regarded as greater than is consistent with the suppo- 
sition that the region is anywhere near to being completely base- 
leveled. There is no definite evidence as to the rate of fall of these 
drowned valleys, but in valleys of such width, cut in materials of so 
yielding a nature, it is difficult to believe that it could have exceeded 
5 feet to the mile. In considering this question it should be noted that 
the decline of the crest line is not necessarily a true measure of the fall 
of the valley. In general, however, tbis decline is, at least in the upper 
part of the river's course, much less rapid than the fall of the stream. 
Taking the remnants of the valleys as we find them in Marthas Vine- 
yard, we note that they support the proposition that the bottoms of the 
old valleys had a slope less than is indicated by their present altitudes. 
The valleys of the Tisbury and Tiastquau rivers below the points 
where they are occupied by permanent streams have a fall of about 15 
feet in a mile, yet these are the upper and presumably steepest por- 
tions of the river systems to which they belong. Although there are 
no very certain conclusions to be drawn from this inquiry into the 
slopes of the old rivers of the Gape God district, the fact suggests that 
there may have been some warping movements since the topography 
was formed. 

It is to be observed that the three best defined of the old valleys of 
this area, those of Gape God Bay, Buzzards Bay, and Vineyard Sound, 
show a certain measure of narrowing toward their lower parts. This 
feature is most evident in the case of Buzzards Bay, but it is notice- 
able also in the other basins. This apparently indicates stream erosion 
working toward the formation of circus-shaped valleys, features which 
are not uncommonly found in much eroded areas. 

In connection with the old valleys of this area the island of Ko-man's- 
land offers matter for interesting inquiry. This bit of land, by its 
position and its relation to the form of the sea bottom, suggests that 
it is the remnant of the southern divide of a valley the stream of which 
drained into Vineyard Sound river near Oay Head. The shoal about 
this island, though it is evidently subjected to much erosion by the 
strong current and waves, indicates that the isle, which is rapidly 
wearing away, was originally of much greater extent than at present. 
The retreat of its shores, which appears to be going on at the rate of 
about 3 feet per annum, will bring about its destruction in less than a 
thousand years. Its place will then be for a time occupied by a shoal 
which, under the cutting action of the waves and tidal currents, will 
be planed down to a considerable depth, coming finally to the state of 
the shoals in Nantucket Sound. 
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TRE8PAS8IXG OF RrVT^RS. 

The position of the several divides between the aucient basins of the 
Cape Cod district indicates that the streams had advanced far in the 
development of their topography before the last great subsidence. 
Here and there we find evidence that the crests had been brought to 
rather sharp edges, having in most cases lost all trace of the original 
table-lantl character which seems to have been in some way impressed 
on them before the last invasion of the valleys took place. The Cape 
Cod crest was evidently 8hari>; so, too, was that of the Elizabeth Isle^. 
That of Marthas Vineyard was of a more complicated nature, retaining 
much of the original table land form. 

The process of stream capture, of which there are good instances on 
Marthas Vineyard, which evidently took place before the last great 
downsinking that brought about the formation of the bays and sounds, 
shows that the adjustment of the topography about the heads of the 
streams on that island had not been anywhere near completely eflected. 
Similar though less evident indications of such action on the mainland 
may be found in the valleys of Monument, Bass, and Paniet rivers, 
where streams had evidently in good part or altogether cut back through 
the divides, more or less invading the drainage of the antithetic; stream. 
In two of the last mentioned instances. Monument and Bass rivers, 
the transgression seems to have been made by streams flowing south- 
ward toward the valleys of the Nantucket Sound area. In that of 
Pamet River the slope seems to have been to the westward into Cape 
Cod Bay. The passages between the Elizabeth Isles were apparently 
much as we now find them before the close of the time preceding the 
last deep submergence. If this be the case, the head streams of either 
the Buzzards Bay or the Vineyard Sound river may have crossed the 
divides, and as these passages have been much changed by glacial 
action and by tidal currents it is not easy to determine in which 
direction the trespassing waters flowed. 

As the valleys now oc(!upied by the bays were evidently rather deep, 
probably at least 500 feet at their deepest part, below the higher parts of 
the divides, the incomplete nature of the topography on and near the 
crests is no good reason for supposing that their bottoms were much 
indented. It is a very common feature of river valleys to have their 
lower x)arts level and their upper parts deeply indented. We thus are 
not compelled to suppose that a great deal of filling has been necessary 
in order to bring about the general approximation to horizontality 
exhibited in the bottoms of the bays. 
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AM0U:NT of 8EDIMEXTATION 8IXC E THE PRE8EXT LEVEIi 

WAS ESTABLISHED. 

As noted under the last heading, the fact that the bottoms of the 
Cape Cod system of bays and sounds are approximately level can not 
be taken as evidence of any great amount of sedinientation since the 
sea attained to about its present position at the end of the last impor- 
tant down-sinking. A close study of the form of these bottoms, based 
on the soundings of the United States Coast Survey charts, shows a 
multitude of slight irregularities which can not well be attributed to 
the differential deposition of sediments due to tidal currents, but can 
best be explained by supposing that the layer of imposed detritus is 
not yet thick enough to completely mask the preexisting ridges and 
valleys of these submerged areas. 

If there had been a great amount of deposition on the sea floor in 
the Cape Cod bays we should expect to find all the original irregulari- 
ties of surface due to their erosion quite effaced, in the manner in which 
it appears to have been destroyed on the great southern plain or on a 
lesser scale on the morainal plain of Marthas Vineyard; but while 
there are traces of such depositional shelves near the shore, as on the 
southern coast of the last-named isle and along the south and east 
shores of C'ape Cod, these shelves are narrow and flat. In form they 
evidently are quite unlike the bottoms of the water areas at a distance 
of 2 or 3 miles from the coast line. The evidence from soundings goes 
to show that the migrations of sand in these areas are locally consid- 
erable, but they appear to occur only in the paths of relatively strong 
tidal currents, such as sweep through the sounds and in the bays; it is 
to the effect that, notwithstanding all the coastal erosion which is going 
on, the contribution of sands to the bottoms of the bays at the distance 
of a mile or more from the shores is very slight in amount. These facts 
lead me to doubt whether as much as an average of 50 feet in depth 
of detritus has been accumulated on the floors of the bays since they 
last came below the level of the sea. 

On the south side of Marthas Vineyard and of Nantucket and on the 
east side of Cape Cod the considerable invasion of the land by the sea 
has doubtless done much to contribute material for sedimentation, but 
in Cape Co<l Bay and Buzzards Bay the erosion of the shores has not 
been sufficient to supply more than a few feet of detritus over the floors 
of the basins. The waste of organic life deposited in these basins is 
relatively small in amount, being much less than in those parts of the 
shores and shallows to the northward, where mollusks and seaweeds 
are more abundant. 

Owing to the situation of the Cape Cod salient it is not in a position 
to receive detrital materials from a distance in the manner in which 
they are accumulated along the shore south of New York. North of 
the cape the deep trough passing outward from Boston Harbor inter- 
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cepts the carrent and wave driven waste coming from the nortbern 
shore. On the southwest there is no set of carrents driving such mate- 
rial toward the waters of the sounds and bays. Some coiitnbntion may 
have been had from the wreckage of islands now reduced to shoals, 
but it probably has not been in large amount. 

DEPTH BENEATH SEA liETEIi AND NATURE OF THE 
CRYSTALUNE ROCKS IN THE CAPE COD DISTRICT. 

At no point in the district of Gape Cod are the ancient crystalline 
rocks exposed to view, nor does the drift covering on any part of the 
land indicate by its character that these deposits are on the land areas, 
at least near the surface. In passing from the mainland toward the 
cape we find the nearest localities of the crystalline rocks at Plymouth 
Harbor and on the west shore of Buzzards Bay. Throughout the 
southeastern section of Massachusetts these rocks exhibit a gentle and 
tolerably uniform slope toward the base of the cape at the rate of 
about 20 feet to the mile. This would place the old granite series at 
the level of 100 or 200 feet below the sea level on the eastern shore of 
Buzzards Bay and at a depth below tbat plane of about 1,000 feet 
at Chatham Harbor. Inasmuch, however, as all this region has been 
gredtly disturbed, and as the disturbances most probably included 
extensive movements of the ancient rocks as well as of the Mesozoic 
and Cenozoic strata which rest upon them, no great value can be given 
to these estimates. 

OjD Marthas Vineyard and scantily on the shores of the southwestern 
portion of Gape Cod, particularly along the southeastern side of Vine- 
yard Sound, as before remarked in the account of the glacial drift, a 
great quantity of chalcedonic quartz i)ebbles are found. So abundant 
are these coarse agates that hundreds of tons of the material could at 
times be gathered along the shore. It is evident that these fragments 
have been glacially transported, and, as is indicated by the character 
of the layer of erratics as well as by the glacial scratches, the move- 
ment of the ice was from the northwest, if indeed it was not from a 
point nearer the west. Kowhere on the mainland are rocks of this 
nature known either in situ or in the drift. Along with these chalce- 
donic erratics go great quantities of pebbles of white-vein quartz of an 
asi)ect quite different from any known on the shores to the northward. 
A close comparison of the pebbly materials on the islands of the Cape 
Cod district with the rocks on the mainland will undoubtedly show 
other cases of this kind. On the body of Cape Cod, in increasing pro- 
portion as we go from Monument River eastward, we find groups of 
vein and volcanic materials differing in nature from those on the 
neighboring inlands. In this last-mentioned district the pebbles of 
volcanic rocks are very abundant, especially in and beyond Orleans. 

The evidence afforded by the erratic materials of this district shows 
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that just to the seaward .of the shore line there is both to the north 
and the south of Cape Cod a belt of rocks which have been the seat of 
great volcanic and solfataric action, and that these deposits have been 
much metamorphosed. In this connection it may be noted that a belt 
of disturbance of the nature indicated on the sea bottom about Oape 
God begins in the region about the Bay of Fundy and extends parallel 
to and partly within the shore along the coast of Maine. I have noted 
the occurrence of such conditions in the published accounts of work 
done for the Survey in the districts about Passamaquoddy, Cobscook, 
and Orange bays, and in the district of Mount Desert and on Cape. 
Ann. In the two first-named fields the presence of distinctly vol- 
canic deposits is well proved. At Cape Ann evidence of true volcanic 
action is lacking, but the extraordinary amount of dike injections, 
which evidently increases as the shore is approached, shows the 
effect of the same system of disturbances. It thus appears probable 
that the coast line of this continent, from the head of the Bay of 
Fundy at least as far to the southward as the mouth of Buzzards Bay, 
lies upon the inner margin of a tract which has been greatly subjected 
to volcanic and solfataric action. It is not improbable that the inden- 
tation of the first-named bay may be due to the subsidences connected 
with these disturbances and that the position of the coast line on this 
part of the shoreland is to be accounted for either by the downward 
movement or by the relative ease with which the coastal fringe of rather 
incoherent deposits were eroded by the sea. Interesting as these ques- 
tions are, they can not be followed further here except to suggest that 
the volcanic areas of the Boston Basin, of the Connecticut Yalley area, 
and of the region in and near the lower part of the Hudson Valley, 
where there is reason to suspect that the volcanic rocks are newer than 
the ^Newark beds, are within the limits of this marginal fringe of such 
deposits. 

FOSSIXiS BBEDGEB FROM SEA FIjOOR NEAR CAPE COB. 

From time to time there have been r^orts that fossils of a character 
which would indicate that they came from beds such as are found on 
Marthas Vineyard or at Marshfield existed on the sea floor to the north 
and east of the cape. These specimens have been brought up on 
anchors or by the dredge. It seems likely that in all these instances the 
materials have been derived from the drift deposits on the floor of the 
sea, though it may be possible that, as about Georges Bank, the con- 
siderable energy of the tidal currents may scour away the soft parts of 
the bottom, leaving the harder fragments as a coating on the sea floor. 

The evidence above referred to, though fragmentary, and at best not 
very trustworthy, is enough to show that to a considerable depth, say 
to 200 feet or more, the bottom is, in part at least, occupied by the 
fossiliferous deposits which were here and there exposed in the cape 
district just before the Olacial period. This serves to show that the 
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erosion wliieb took away so large a share of the later pre-Glacial accu- 
mulations — those designated as the Truro and Weyquoscjue series or 
the Barnstable clays — affected a large extent of the sea bottom for a 
considerable distance out to sea. Without attaching too much import- 
ance to this obscure evidence, it may well be taken as of some value in 
showing that the region was for a long time elevated to the height of 
200 feet or more above its present level, or, what comes effectively to 
the same thing, that the sea was at about that depth below its present 
plane. Thus the considerations going to show a recent submergence, 
which are derived from the topography of the coast and the drowned 
valleys, has some support from the evidence which these chance sam- 
ples of the bottom afford. 

It has been suggested that these fossils brought up by dredging 
may be from the drift deposits which are i)resumed to exist for some 
distance to the east beyond the shore. Against this hyi)othesis may 
be set the fact that fossils of the Cretaceous and Tertiary beds have 
rarely been found preserved in any glacial deposits, even where those 
beds lay immediately upon the strata richest in organic remains. The 
probability that they would thus occur in quantities sufficient to account 
for the numerous chance finds is so small that it may be disregarded. 

TmE RATIOS INI>1CATEI) BY POST-TERTIARY PRE- 

GliACIAJj EROSIOX. 

It is not possible, in the present state of our knowledge, to undertake 
any final essay in determining the time occupied in the erosive work 
done in this region since the close of the Pliocene epoch. It is, how- 
ever, possible to give some general and relative indication of these 
durations. 

The facts show that after the deposition of the Pliocene deposits of 
Marthas Vineyard a vast erosion occurred, which shaped the strong 
topography that is exhibited in the western part of that island. In 
the present condition of that area, though the valleys are deep and 
much of the surface is but sightly drift covered, the rat« of stream 
erosion is almost nil. Even in times of heavy rain the brooks show 
hardly a trace of color due to other than the stain of dei^ayed vegeta- 
tion. In the period before the deposition of the drift the rate of wear 
was probably more rapid than it is at present, but it is impossible to 
estimate the value of this difference. We are therefore left to mere 
impressions as to the time required for the development of this topog- 
raphy. These inferences, however, are of some importance. 

It is in the first place to be noted that the rocks of this region are, 
and have been from the time of their formation, very open- textured. 
They readily absorb the rain water, which cuts no channels on these 
areas, which are so nearly driftless that the Cretaceous and Tertiary 
deposits are essentially at the surface. This must have made this field, 
with any rainfall, which was not very much greater than tliat of to-day, 
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one of slow erosion, for the reason that the waters entering the ground 
would have been discharged, as they now are, at the level of the per- 
manent streams and in a very gradual manner. This action may now 
be seen in fields of great extent, as in the town of Ghilmark, or near 
Gay Head. Nor can we suppose that the water i)enetrating to the 
depths exercises any considerable solvent action. The strata which it 
traverses contain very little soluble matter, and the springs — save that 
they sometimes exhibit the results of decomposing pyrites in the sul- 
phureted hydrogen they give off and contain a considerable amount of 
alumina sulphate — are essentially pure. The facts above noted lead 
to the conclusion that the erosion of the Vineyard area has from the 
beginning been slow. 

On the basis of a slow erosion we have to account for the formation 
of river valleys a mile in width and having a depth of from 150 to 200 
feet, as well as for the renewal of an unknown section which has been 
worn away from the crests of the hills. Assuming that the average 
ablation of the area has been at the rate of 1 foot in one thousand 
years, a rate which must be accounted rapid — it is equaled, so far as 
ascertained, in no part of the world which bears a covering of natnral 
vegetation — in that it would at this rate of cutting require somewhere 
near 200,000 years to carve out these valleys; but, as is easily seen, 
the valleys are only a i)art of the result of the erosion which the streams 
have applied to them. The elevated country between these troughs has 
also gone down, so that it does not seem unreasonable to assume that 
the total erosion of this valley-making period has required 300,000 
years. 

Beyond the clear evidence of a long erosion interval afforded by the 
valleys of Marthas Vineyard we perceive that there is an unmeasured 
and perhaps immeasurable time which intervened between the period 
when the rocks in which the depressions exist were dislocated and that 
when valley-making began. It seems tolerably evident that in this 
period the sea stood some hundred feet higher than it does at present 
and that the surface was gradually base-leveled until it came nearly 
to the plane indicated by the highest land of the island. This little- 
indicated period of erosion, the sole evidence of which is found in the 
faint yet distinct marks of an ancient plain, antedating the formation 
of the i)resent drainage system, possibly represents a duration several 
times as great as that shown by the action of the streams which now 
are at work. 

In a general way following the development of the valleys of Mar- 
thas Vineyard and those which were formed in the tilted deposits of 
Cape Cod, came a period of deposition in which the various beds of 
Kashaquitsa, Barnstable, and Truro series were laid down. The his- 
tory of this stage or stages in the development of the cape district 
is not yet unraveled. These several sections may all be of the same 
age or they may represent, to a greater or less extent, the history of 
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successive periods. However this may be, there can be no donbt that 
the time occupied in the deposition of these beds was very great, and 
that the detritus which was accumulated came in part, if not altogether, 
fix>m areas north and west of the cape district, as is shown by the 
fact that the beds in question to a great extent mantle over the ancient 
topography and rise to near the level of its highest elevations. 

Following the accumulations of the Truro-Barnstable groups came 
the third great period of aerial erosion in this field. During a period 
of elevation which brought the land to a level' at least 200 feet higher 
than it is at present, the erosive work of the streams cleared away 
the deposits of stratified sands, clays, and gravels from the valleys 
which it encumbered, and extended the denudation of those broad and 
thick sheets of strata until only remnants of the original mass 
remained. The amount of erosion effected during this period immedi- 
ately antedating the last ice epoch can not be gauged, for the reason 
that the greater part of the area in which it was effected is now sub- 
merged beneath the sea; but it was clearly much greater than that 
which was done in the time to which we owe the development of the 
several valleys of Marthas Vineyard or the like troughs of Cape God. 
To it we owe not only the general clearing out of those troughs, but the 
excavation of the river basins which are now marked by the bays and 
sounds of southeastern Massachusetts. 

In considering the time required for the formation of the later strati- 
fied deposits of the Cape Cod district we have first to note that the accu- 
mulation of these beds indicates a long period of erosion, the record of 
which, as before remarked, is not found in this area for the reason that 
it was then beneath the sea. As the work done was of sufficient mag- 
nitude to form a broad sheet of detritus, extending from some point 
far inland, probably the central highlands of Massachusetts, to and 
beyond Truro and Nantucket, having a thickness on the average of 
not less than 100 feet, and perhaps several times as great, it is evi- 
dent that the time occupied could not well have been less than that 
attained for the second erosive period — that which shaped the greater 
valleys of Marthas Vineyard. The last great erosion period — that 
which morcellated the stratified deposits which overlapped the old 
mountain-built beds — appears to have required more time than any of 
the earlier periods of wearing. The valleys were brought to a great 
width. ITearly all the deposits of the last formations were removed, 
leaving only fragments of them on or near the divides. As this work 
was done mainly on very permeable beds, into which the rain penetrates 
rapidly without .developing small, superficial streams, the work of 
wearing could not have proceeded with great rapidity. 

The facts as above presented lead to the conclusion that since the 
close of the Tertiary period, or perhaps from some time after the end of 
the Pliocene epoch and down to the advent of tlie ice in the last Glacial 
epoch, there have been four tolerably distinguishable periods of erosion 
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in this field, each reqairiiig a time the daration of which, even in a 
geological sense, mast be accounted tis long. Yarious estimates, made 
on the basis of the present rates of erosion, lead me to the conclasion 
that this interval was not less than one million years. 

Without attaching any definite value to the reckonings as to the 
durations of the periods in which the wearing down on this district 
was effected, it may be claimed that no geologist who has attentively 
considered the problems of time ratios in erosion is likely, on a careful 
study of this field, very much to reduce this estimate. Although the 
assumption of something like a million years for the interval between 
the end of the Tertiary and the beginning of the last ice epoch is not 
in accordance with the views as to the time ratios in the later stages 
of geological history which were entertained down to the beginning of 
this decade, it is becoming evident that the old view as to the brevity 
of this interval was hastily taken and will have to be revised. It is in 
order to bring this point into debate that the previous estimates as to 
the time occupied by the completed succession of actions which have 
taken place in post-Tertiary pre-Glacial time are here submitted. 

It may be remarked that the prejudice in favor of a brief time since 
the close of the Tertiary period has rested in part on the fact that the 
amount of consolidation which has taken place in the deposits of that 
portion of the earth's history has been in most cases small. It is, indeed, 
difficult to believe that beds which have been as little changed as the 
strata of this age usually are have been formed for millions of years. 
When, however, we note that in Mesozoic rocks, and even in those of 
the Paleozoic sections, the amount of alteration is often slight, we can 
well understand that these more recent deposits, which have not under- 
gone deep burial, have survived for ages without essential change. 

SUMMABY ANJy COKCIiTJSIOKS. 

The results of the observations noted in the preceding pages of this 
report justify the following statements relating to the Cape Cod dis- 
trict, and particularly concerning the peninsula of that name. 

After the erosion of the Cretaceous and Tertiary beds disclosed on 
Marthas Vineyard, several series of sedimentary deposits were laid 
down. The first of these deposits, which may fairly be reckoned as of 
early Pleistocene age, though deposited in horizontal attitudes on the 
disturbed older beds, were in turn somewhat stressed, the resulting 
dislocations being relatively much less considerable than those which 
affected the Cretaceous and Tertiary deposits. These dislocations are 
evident not only on Marthas Vineyard but throughout the area of Cape 
Cod between Woods Hole, Bourne, and Highland Light. They also 
extend up the coast at least as far as Plymouth Harbor; their western 
extension is not yet determined. 

The post-Tertiary deposits just referred to appear to be divisible into 
two groups, the lower of which is exhibited on Marthas Vineyard and 
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ill Cape Cod as far north as Monument Eiver and eastward to Orleans. 
This series is characterized by the presence of red clays and sands, 
which appear to owe their origin* to the decomposition of Tertiary 
strata such as occur at Gay Head. Apparently above these beds, which 
have been termed the Xashaqnitsa series, occurs another series, here 
known as the Truro. The characteristic of these beds is that they 
plentifully contain a fine, white, floury, micaceous sand, which is very 
much decayed. These sands are combined with coarser arenaceous 
materials and occasionally clay beds, the clay being of the ordinary 
grayish or yellowish hue. So far as is ascertained, these beds contain 
no pebbles of compound rocks, the pebbles, indeed, being very rare 
and, so far as observed, of quartz, and always small. The Truro series 
has not disclosed any materials apparently rising from decomposition 
of the Tertiary beds. It is possible, but not probable, that the Nasha- 
quitsa and Truro series should be regarded as one group. The distri- 
bution of the beds, however, is against this view. 

The g:roup of brick clays known as the Barnstable series appears 
to have been laid down after the Nashaquitsa and before the Truro 
beds had been formed and dislocated. The evidence as to this succes- 
sion, however, is not perfectly clear. 

During the deposition and erosion of the series above noted the Cape 
Cod district has been subjected to a number of movements of elevation 
and subsidence of which the imperfectly interpretable changes are 
shown in fig. 87, p. 522, These movements indicate very remarkable 
instability in the position of this portion of the continent from Jurassic 
time to the present day, but the alterations of level appear to have been 
limited, so far as determinable, to a range not exceeding, perhaps, 1,000 
feet. It is to be noted that these accidents appear to increase in fre- 
quency as we approach the present day. This, however, is most likely 
due to the fact that the records are more complete and interx)retable as 
they come toward the present timej possibly, also, as my colleague, Mr. 
J. 15. Wood worth, has noted to me, for the reason that the later records 
are more coastal in their nature than are those afforded by the earlier 
deposits. It is to be remarked as a very significant feature that the 
series of deposits from and including the Nashaquitsa to the close of 
the Barnstable series have afforded no fossils. It is possible, but not 
probable, that fossils may have been contained in these beds, the 
remains having disa])])eared under the very free leaching which has 
occurred throughout this area, where the rocks are extraordinarily 
porous. 

It is possible, and perhaps probable, that these beds, in i)art at least, 
represent deposits in advance of glacial sheets. Nevertheless, as we 
have to suppose that in part the materials were laid down in salt water, 
it is not easy to understand the complete absence of organic remains, 
which, as we know from other fields, even those near by, as on Nan- 
tucket and on the coast of Maine, contain abundant fossils. Moreover, 
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it is difficult to believe that during the extended topographic changes 
which occurred while the three series above mentioned were depositing, 
and also during the period of dislocation, which is marked in the atti> 
tude of the beds, no ice could have remained near enough to the district 
to affect the character of the sediments. Still further, the absence of 
erratic rocks in the Kashaquitsa and Truro contraindicates the action 
of ice. 

The condition of the deposits contained in the series of the Gape Cod 
district, formed after the close of the Tertiary and before the advent of 
the glacial sheet, indicates the rapid erosion of an area of crystalline 
rocks which had previously been affected by a deep decay. It is conceiv- 
able that this erosion, acting on softened materials,- was due to rivers, 
but the general absence of vegetable matter in the deposits makes it 
perhaps more likely that the work was accomplished by glacial erosion 
occurring during the periods of subsidence which are indicated by the 
sections. 

The facts stated in the preceding pages-of this report make it clear 
that the post-Tertiary and pre-Glacial history of southeastern Massa- 
chusetts is much more complicated than has hitherto been supposed. 
The interpretation of the record which has been given must be regarded 
as in a great measure tentative. A further development of our under- 
standing of the facts will doubtless be attained when the related depos- 
its on Long Island, New York, have been explored. There is reason to 
hope that in that field may be found the passage from tlie conditions of 
southeastern Few England to those accepted in the related Columbian 
beds and other recent deposits in New Jersey and the portions of the 
coast to the southward. 
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